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I: 
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SUMMARY 

A model f o r  human decis ion-makinE has been  developed  and 
tes ted a g a i n s t   e x p e r i m e n t a l  data. T h i s  model i s  a s t r a i E h t f o r w a r d  
a d a p t a t i o n  of  t h e  opt imal -cont ro l   model  f o r  p i l o t / v e h i c l e  systems 
developed  by Bolt  Beranek  and Newman I n c .  The models for d e c i s i o n  
a n d   c o n t r o l  b o t h  c o n t a i n  the  c o n c e p t s  of time d e l a y ,  o b s e r v a t i o n  
n o i s e ,  optimal p r e d i c t i o n ,   a n d  optimal e s t i m a t i o n .  T h e  s o d e l  f o r  
dec is ion-making   deve loped   in  t h i s  s t u d y  i s  i n t e n d e d   t o  a p p l y  t o  
s i t u a t i o n s   i n  wh ich  t h e  human bases h i s  d e c i s i o n  on h i s  estimate 
o f  t h e  s t a t e  o f  a l i n e a r   p l a n t .  

Experiments  are d e s c r i b e d  f o r  t h e  f o l l o w i n p  t a s k  s i t u a t i o n s :  
( a )  s i n g l e   d e c i s i o n  tasks ,  ( b )  two d e c i s i o n  t a s k s ,  a n d  ( c )  s i m u l -  
taneous  manual   control   and  decis ion-makinp.   Usinp  f ixed  values  
f o r  model parameters, we can   p red ic t   s inF le - t a sk   and   two- t a sk  
d e c i s i o n   p e r f o r m a n c e   t o   w i t h i n   a n   a c c u r a c y  o f  10  p e r c e n t .  Rpree- 
ment i s  less good f o r  t h e  s i m u l t a n e o u s   d e c i s i o n   a n d   c o n t r o l  s i t u -  
a t i o n ,   a n d  t h e  r e s u l t s   o f  t h j s  exper i r ren t  do no t   a l l ow a conclu-  
s i v e  t e s t  o f  t h e  p r e d i c t i v e   c a p a b i l i t y  o f  t h e  model i n  t h i s  situ- 

a t i o n .  



1. INTRODUCTION 

C o n s i d e r a b l e   e f f o r t   h a s   b e e n   d e v o t e d   t o   u n d e r s t a n d i n g  how a 
p i l o t   c o n t r o l s  h i s  a i r c r a f t ,  and   reasonably   accura te   models  for 
t h e   p i l o t  as a feedback   cont ro l le r   have   been   deve loped .   Cont inu-  
ous   con t ro l ,   however ,  i s  but   one  o f  t h e   f u n c t i o n s   r e q u i r e d  o f  
t he  p i l o t ;  he  must a l s o  make some c r u c i a l   d e c i s i o n s   d u r i n r  t h e  

course   o f  a f l i g h t .  Perhaps   mos t   impor tan t  i s  t h e  d e c i s i o n  
w h e t h e r   t o   a t t e m p t  a l a n d i n g  or t o  go a r o u n d   f o r   a n o t h e r  t r y .  

C l e a r l y ,  a m i s c a l c u l a t i o n   c o u l d   h a v e   v e r y   s e r i o u s   c o n s e q u e n c e s .  
I n   a d d i t i o n ,  t h e  p i l o t  mus t   cont inuous ly   moni tor  t h e  behav io r   o f  
t h e  a i r c r a f t  s o  t h a t  he may a s c e r t a i n  whether  o r   n o t  t h e  s y s t e m  
i s  b e h a v i n g   p r o p e r l y .   C o n t r o l - s y s t e m   f a i l u r e s  w i l l  occur   f rom 
t ime- to- t ime,   and  t h e  p i l o t   R u s t   a u i c k l y   i d e n t i f y   s u c h  a f a i l u r e  
and i n i t i a t e  t h e  a p p r o p r i a t e   r e c o v e r y   s t r a t e p y .  As f l f p h t - c o n t r o l  
s y s t e m  become  more soph i s t i ca t ed ,   mon i to r inp   and   dec i s ion -mak ing  
tasks w i l l  p l a y   a n   i n c r e a s i n p l y   i m p o r t a n t   r o l e   i n  t h e  p i l o t ' s  
management o f  t h e  a i r c r a f t .  

I n   o r d e r  tha t  w e  may have t h e  p r o p e r   t o o l s   f o r   a n a l y z i n g ,  
modern f l i g h t - c o n t r o l  s y s t e m s ,  models for t h e  p i l o t  mus t  b e  de-  

ve loped   which   account   for  h i s  decis ion-makinp as wel l  as h i s  con- 
t r o l   b e h a v i o r .  If we w i s h  t o   u n d e r s t a n d  how t h e  p i l o t   p e r f o r m s  a 
m u l t i p l i c i t y   o f   d e c i s i o n   a n d   c o n t r o l  t a sks ,  as h e  i s  o f t e n   r e a u i r e d  
t o   d o ,  t h e  mode l s   fo r   dec i s ion   behav io r   mus t  b e  i n t e g r a t e d   i n t o  
t h e   m o d e l s   f o r   m o n i t o r i n g   a n d   c o n t r o l .   I d e a l l y ,  a common r o d e l  
s t r u c t u r e   w o u l d  b e  d e v e l o p e d   t o   h a n d l e  a l l  t h e  impor t an t  tasks 
r e q u i r e d  of t h e  p i l o t  and t o  a c c o u n t   f o r   t h e   m u t u a l   i n t e r f e r e n c e  
amonR these tasks t h a t  occurs   because   o f  t h e  p i l o t l s  l imi ted  work- 
l o a d   c a p a c i t y .  
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T h i s   r e p o r t  descr ibes  a s tudy   pe r fo rmed   fo r  NASA-Ames Research 
Cen te r  t o  deve lop  a model f o r  human d e c i s i o n - m a k i n g   t h a t   c a n   u l t i -  
m a t e l y  b e  a p p l i e d  t o  d e c i s i o n s   r e l a t i n p  t o  a i r c r a f t  management. 
Model development has been  puided by  t h e  r e q u i r e m e n t   t o   m a i n t a i n  
a common model s t r u c t u r e   f o r   b o t h   d e c i s i o n   a n d   c o n t r o l   b e h a v i o r .  
T h i s   w o r k   b u i l d s   l o g i c a l l y   u p o n   s t u d i e s   o f   m u l t i - v a r i a b l e   m a n u a l  
c o n t r o l  systems pe r fo rmed   unde r   p rev ious   con t r ac t s  w i t h  N A S A - A m e s .  

The model fo r   dec i s ion -mak ing   deve loped   i n  t h i s  s t u d y  i s  i n -  
t e n d e d   t o   a p p l y  t o  s i t u a t i o n s   i n  which t h e  human bases h i s  d e c i s i o n  
on h i s  estimate of t h e  s t a t e  o f  a l i n e a r   p l a n t .  It i s  based on 
the  e x i s t i n g   o p t i m a l - c o n t r o l   m o d e l   f o r   p i l o t / v e h i c l e   s y s t e m s  de- 

veloped b y  Bol t   Beranek  and Newman I n c .  The  o p t i m a l - c o n t r o l  
model   conta ins  t h e  c o n c e p t s   o f   o b s e r v a t i o n   n o i s e ,   o p t i m a l   p r e d i c -  
t i o n ,   a n d   o p t i m a l   e s t i m a t i o n  which can be  d i r e c t l y  a p p l i e d  t o  
c e r t a i n   t y p e s   o f   d e c i s i o n   p r o b l e m s .   I n   a d d i t i o n ,  t h e  e x i s t i n p  
p i l o t / v e h i c l e   m o d e l  i s  able t o   a c c o u n t   f o r   i n t e r f e r e n c e  among 
c o n t r o l  tasks p e r f o r m e d   i n   p a r a l l e l .   B e c a u s e  t h e  e x i s t i n p  model 
s t r u c t u r e   a p p e a r s   p a r t i c u l a r l y   w e l l - s u i t e d   f o r   e n c o m p a s s i n p   b o t h  
d e c i s i o n   a n d   c o n t r o l  t asks ,  o u r  e f f o r t s   h a v e   b e e n   c o n f i n e d   t o  re- 
f i n i n g  t h i s  p a r t i c u l a r  model s t r u c t u r e   a n d  we have   no t   searched  
f o r   o t h e r s   w h i c h  might e x p l a i n  t h e  d e c i s i o n   b e h a v i o r   o b s e r v e d   i n  
the  e x p e r i m e n t a l   s t u d y .  

The r e p o r t  i s  o r g a n i z e d  as f o l l o w s .   I n  Chapter  2 w e  rev iew 
e x i s t i n g   m o d e l s   f o r   d e c i s i o n - m a k i n F   a n d   c o n t r o l  t h a t  are r e l e v a n t  
t o  t h i s   s t u d y .  New model  development i s  p r e s e n t e d   i n   C h a p t e r  3 ,  
a l o n g  w i t h  a d e s c r i p t i o n   a n d   a n a l y s i s  of  the  d e c i s i o n   t a s k   e x p l o r e d  
i n  t h i s  s t u d y .   P r i n c i p a l   e x p e r i m e n t a l   r e s u l t s  are p r e s e n t e d   i n  
Chapter  4 a n d   d i s c u s s e d   f u r t h e r   i n   C h a p t e r  5.  Concluding remarks 
a p p e a r   i n  Chapter  6 .  The append ices   con ta in   supp lemen ta l   i n fo rma-  
t i o n   r e l a t i n g   t o  t h e  e x p e r i m e n t a l   a n d   a n a l y t i c a l   p r o c e d u r e s .  
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2 .  CURRENT FODELS FOR CONTROL A N @  DECISION-MAKING 

The model f o r  human dec is ion-making  that  i s  p r e s e n t e d   i n  t h i s  

r e p o r t   b u i l d s   l o g i c a l l y   u p o n   e x i s t i n g   m o d e l s   f o r  human c o n t r o l   a n d  
decis ion-makinp.  The o b s e r v a t i o n   n o i s e ,   o p t i m a l   e s t i m a t i o n ,   a n d  
o p t i m a l   p r e d i c t i o n   c o n c e p t s  t ha t  appear i n  t h e  o p t i m a l - c o n t r o l  
model f o r   c o n t i n u o u s   t r a c k i n g  are key e l e m e n t s   i n  t h e  model f o r  
d e c i s i o n - m a k i n g .   I n   o r d e r  t h a t  t h e  reader may f o l l o w  t h e  model 
d e v e l o p m e n t   p r e s e n t e d   i n  t h e  n e x t   s e c t i o n   o f  t h i s  r e p o r t ,  we re- 
view  below t h e  m o s t   r e l e v a n t   f e a t u r e s   o f   e x i s t i n g   m o d e l s   f o r  human 
con t ro l   and   dec i s ion -mak ing .  

2 . 1  O p t i m a l   D e c i s i o n - M a k i n g ,  

Models f o r  op t ima l  dec is ion-making  are  summarized i n  d e t a i l  
i n   R e f e r e n c e s  1 and 2 .  These models are based on t h e  premise t h a t  
w e l l - t r a i n e d  humans d e c i d e   i n  a nea r   op t ima l   manner .  T h a t  i s ,  
d e c i s i o n s  are made t o  maximize   (or   min imize)  some performance 
measure.  A number of   per formance   measures  may b e  p o s t u l a t e d ,   a n d  
the re  has been  some c o n t r o v e r s y   i n  t he  l i t e r a t u r e  as t o  which  ones 
are a p p r o p r i a t e   t o   v a r i o u s   d e c i s i o n   s i t u a t i o n s  (Ref.1).  We sha l l  
c o n s i d e r  here the  c l a s s   o f   d e c i s i o n - m a k i n p  tasks i n  which i t  i s  
r e a s o n a b l e   t o   a s s u m e  t h a t  t h e  human attempts t o  maximize t h e  ex- 
p e c t e d   " u t i l i t y "   o f  the  outcome  of h i s  d e c i s i o n .  

D e c i s i o n s  are a l m o s t  always based on less t h a n   p e r f e c t   i n f o r -  
mat ion   about  t h e  p r e s e n t   ( o r   f u t u r e )  "state o f  t h e  wor ld" .  The 
s t a t e  o f  t h e  world may b e  one   of   any   number   o f   mutua l ly   exc lus ive  
p o s s i b i l i t i e s ;  t h e  human must   de te rmine  t h e  p r o b a b i l i t y  t h a t  each  
o f  t h e  p o t e n t i a l  s ta tes  i s  t h e  t r u e  s t a t e .  Two o r  more c o u r s e s  
o f   a c t i o n  ( i . e . ,  " d e c i s i o n s " )  are p o s s i b l e ,  t h e  c o r r e c t n e s s   o f  
any   dec is ion   depending   upon what h a p p e n s   t o  b e  t h e  t r u e  s ta te  o f  
t h e  wor ld .  
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I n   o r d e r  t o  mode l   dec i s ion -mak ing   i n  t h e  p r e s e n c e  of uncer -  
t a i n t y ,  w e  p r e t e n d  t ha t  t h e  human a d o p t s  t h e  f o l l o w i n g   d e c i s i o n  
s t r a t e g y .  First ,  he a s s i p n s   n u m e r i c a l   " u t i l i t i e s "   t o   e a c h  of t h e  

p o s s i b l e   o u t c o m e s   o f   e a c h   d e c i s i o n .   ( F o r   e x a m p l e ,   i n   d e c i d i n g  
whether t o   l a n d   a n   a i r c r a f t   o r   t o   a b o r t ,  t h e  p i l o t   s h o u l d  weigh 
t h e  b e n e f i t   o f   m a k i n g  a s u c c e s s f u l   l a n d i n p ,  t he  c o s t   o f  a c r a s h ,  
and t h e  cos t   o f   mak ing  a go-a round . )   Typ ica l ly ,  t h e  u t i l i t y  of a 
c o r r e c t   d e c i s i o n  i s  n u m e r i c a l l y   p o s i t i v e ,  whereas t h a t  o f   a n   i n -  
c o r r e c t   d e c i s i o n  i s  n e g a t i v e .   H a v i n p   a s s i g n e d   u t i l i t i e s ,  t h e  
human t h e n   c a l c u l a t e s  the p r o b a b i l i t i e s   a s s o c i a t e d  w i t h  each   of  
t h e  p o s s i b l e  s ta tes  o f  t he  w o r l d   b e i n g   t r u e ,   u s i n g  whatever re le-  
v a n t   i n f o r m a t i o n  he  i s  able t o   o b t a i n .  He now computes t he  ex- 
p e c t e d   u t i l i t y   a s s o c i a t e d  w i t h  e a c h   d e c i s i o n   a n d  makes t h e  d e c i -  
s i o n  tha t  y i e l d s  the lareest  e x p e c t e d   u t i l i t y .   D e c i s i o n - m a k i n g  
may t h u s  be c o n s i d e r e d  as a three-step p r o c e d u r e :  ( a )  a s s ignmen t  
of u t i l i t i e s   t o   e a c h   s t a t e - d e c i s i o n   c o m b i n a t i o n ,  ( b )  a s ses smen t  
of t h e  p r o b a b i l i t i e s  o f  t h e  s t a t e  o f  t h e  w o r l d ,   a n d   ( c )   t a k i n p  
t h e  a p p r o p r i a t e   a c t i o n .  

We sha l l  c o n s i d e r  t h e  human ' s   dec i s ion  task as p r i m a r i l y  t h a t  
o f   d e t e r m i n i n g  t h e  p r o b a b i l i t i e s  of t h e  v a r i o u s  s t a t e s  of  t h e  

world.  The u t i l i t y  m a t r i x  i s  as sumed  t o  be c o n s t r u c t e d   p r i o r  t o  
t h e  task , and t h e  a c t i o n  t o  b e  t a k e n  i s  au tomat i c   once  t h e  ex-  
petted u t i l i t i e s   h a v e   b e e n   c o m p u t e d .  

* 

We now f o r m a l i z e  some o f  t h e  c o n c e p t s   a s s o c i a t e d  w i t h  t h e  
u t i l i t y - m a x i m i z a t i o n   t h e o r y   o f  human dec is ion-making .  L e t  t h e  

p o s s i b l e  s t a t e s  o f  t h e  wor ld  be r e p r e s e n t e d  by a s e t  o f   mu tua l ly -  
e x c l u s i v e   h y p o t h e s e s  hi .  One (and  only  one)   of  them r e p r e s e n t s  

P 
Although i t  i s  a n o n t r i v i a l  task t o   d e t e r m i n e  t h e  a p p r o p r i a t e  
u t i l i t y   m a t r i x   i n  many r e a l i s t i c   s i t u a t i o n s ,  t h e  e x p e r i m e n t a l  
tasks e x p l o r e d   u n d e r  t h i s  c o n t r a c t   i n v o l v e d  a u t i l i t y   m a t r i x  
tha t  was easi ly  unde r s tood   and   accep ted  by t h e  s u b j e c t s .  
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t h e  " t r u e "  s t a t e .  The d e c i s i o n  t h a t  t h e  ith h y p o t h e s i s  i s  t r u e  
i s  r e p r e s e n t e d  by Hi.  The u t i l i t y  of d e c i d i n g  Hi when, i n  f a c t ,  
h i s  t r u e  may b e  r e p r e s e n t e d  as U ( H  h ) o r ,  more compact ly ,  
j i y  .I 

U We assume t h a t  t h e  U are n u m e r i c a l l y   p o s i t i v e  f o r  i=j 
( t h e  se t  o f   c o r r e c t   d e c i s i o n s )   a n d   n e g a t i v e  otherwise. 
i J  i j  

The human i s  p r e s e n t e d  some data [ z ]  on which t o  base h i s  

d e c i s i o n .  These data may b e  d i s c r e t e  items of in fo rma t ion ,   con -  
t inuous   waveforms,   o r   combina t ions  of b o t h .   I n   a n y  case,  w e  u s e  
[ z ]  here t o  r e p r e s e n t  t h e  e n t i r e  past  h i s t o r y  of t h e  data .  The 

e x p e c t e d   v a l u e   o f  t h e  u t i l i t y   a s s o c i a t e d  w i t h  d e c i d i n e  Hi i s  

N 

j=1 

where P ( h  12) i s  t h e  p r o b a b i l i t y  t h a t  h y p o t h e s i s  h i s  t r u e ,  gziven 
t h e  a v a i l a b l e  data .  The  o p t i m a l   d e c i s i o n  s t r a t egy  i s  s i m p l y  t o  
s e l e c t  t h e  h y p o t h e s i s  Hi which  maximizes t h e  e x p e c t e d   u t i l i t y .  

j j 

Many i m p o r t a n t   d e c i s i o n  tasks r e q u i r e  t h e  human t o  decide be- 
tween   two  poss ib le   hypotheses  ( e . p .  , a con templa t ed   l and inp  e i the r  
does   o r   does   no t   have  a s u f f i c i e n t l y  h i g h  p r o b a b i l i t y  of s u c c e s s ) .  
The d e c i s i o n  tasks  t o  b e  s t u d i e d   u n d e r  t h i s  C o n t r a c t  will f a l l  
i n t o  t h i s  c l a s s .   A c c o r d i n g l y ,  we a n a l y z e  t h e  b i n a r y   d e c i s i o n  
task i n  g rea te r  d e t a i l .  

Assume two  mutua l ly   exc lus ive   hypotheses  h l  and h o .  The ex- 
pec ted  u t i l i t i e s   o f  t h e  p o s s i b l e   d e c i s i o n s  H1 and Ho are y iven  as 
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The d e c i s i o n   r u l e  i s  t o  d e c i d e  H1 i f  t h e  e x p e c t e d   u t i l i t y   a s s o -  
c i a t ed  w i t h  H1 i s  greater t h a n  the e x p e c t e d   u t i l i t y   a s s o c i a t e d  
w i t h  H o ;  otherwise,  d e c i d e  Ho. Accord ingly ,  w e  d e r i v e  t h e  f o l -  
l o w i n g   d e c i s i o n   r u l e  from Equat ions  (2a)  and   (2b)  : 

H = €Io o t h e r w i s e  I 
where Uo = Uoo-U and U1 - - Ul1-UO1. The d e c i s i o n   r u l e ,   t h e n ,  
may b e  based on t h e  r a t i o  of  p r o b a b i l i t i e s  ( t h e  " o d d s   r a t i o " ) ,  
which,  i t  seems, i s  more r e l i a b l y  estimated by  humans t h a n   a r e  
t h e  i n d i v i d u a l   p r o b a b i l i t i e s  (Ref .1). 

10 

Computation  of t h e  odds r a t i o  i s  o f t e n   f a c i l i t a t e d  by t h e  
use  of B a y e s '  theorem, which may b e  s t a t ed  as 

where P ( h , z )  Is t h e  j o i n t   p r o b a b i l i t y   o f  t h e  event  [ h ]  and t h e  

data [ z ] ,  a n d   P ( z )  i s  t h e  o v e r a l l   p r o b a b i l i t y   t h a t   e v e n t  [ h ]  w i l l  
occur .  P ( h )  i s  o f t e n   c a l l e d   t h e   " p r i o r   p r o b a b i l i t y " ;  t h a t  i s ,  
t h e  estimate o f  t h e  p r o b a b i l i t y  t ha t  h y p o t h e s i s  [h ]  i s  t r u e  t h a t  
i s  made b e f o r e  t h e  data [ z ]  have become a v a i l a b l e .   U s i n g  Equa- 
t i o n  ( 4 ) ,  w e  may r e s t a t e  t h e  d e c i s i o n   r u l e   t o  be 

P ( z ( h l )  Uo 
H = H 1 i f p z h  m>q- 

H = Ho o t h e r w i s e  
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where the r a t i o  P ( z l h l ) / P ( z l h o )  is c a l l e d  the  " l i k e l i h o o d  ra t io" .  
The optimal ( B a y e s i a n )   d e c i s i o n   r u l e  is usually e x p r e s s e d   i n  t h i s  

form. 

2.2 Models  for  Continuous  Control 

2.2.1 The Optimal-Control  Model  for  Pilot-Vehicle  Systems- 
The reader i s  assumed t o  b e  familiar w i t h  t h e  o p t i m a l - c o n t r o l  
model t h a t  has b e e n   d e v e l o p e d   f o r   a n a l y z i n g   p i l o t - v e h i c l e   s y s t e m s .  
T h i s  model,  which i s  descr ibed  i n  d e t a i l  i n   R e f e r e n c e s  3 and 4 ,  
h a s  been  found capable o f   r ep roduc ing   pe r fo rmance   measu res   i n  a 
v a r i e t y   o f   s i n g l e - v a r i a b l e   a n d   m u l t i - v a r i a b l e   t r a c k i n p   s i t u a t i o n s  
(Refs .5-10) .  Most  of t h e  e l emen t s   o f  t h e  opt imal -cont ro l   model  
a r e  c o n t a i n e d   i n  t h e  model f o r  human d e c i s i o n   p e r f o r m a n c e   p r e s e n t e d  
i n  t h e  f o l l o w i n g   c h a p t e r  of t h i s  r e p o r t .  

I n  o r d e r   t o  re f resh  t h e  reader 's  memory, a b lock  diapram o f  
t h e  model i s  shown i n   F i g u r e  1. Le t  u s  rev iew b r i e f l y  t h o s e  e le-  
ments  which r e l a t e  d i r e c t l y   t o  human per formance   ( shown  wi th in  
t h e  dashed l i n e ) .  Human l i m i t a t i o n s  are r e p r e s e n t e d  by  a time 
de lay  [TI, by  o b s e r v a t i o n   a n d   m o t o r   n o i s e   p r o c e s s e s ,   a n d , t o  some 
e x t e n t ,  by c e r t a i n  terms i n  t h e  c o s t   f u n c t i o n a l .  The o b s e r v a t i o n  
n o i s e   p r o c e s s  v ( t )  accoun t s   fo r   mos t   o f  t h e  s t o c h a s t i c   p o r t i o n  of 
t h e  human's   response ( i . e . ,  r e m n a n t ) ;   i n  some c a s e s ,  a separate 
motor n o i s e  term v u ( t )  i s  needed t o   p r o v i d e   a n  accurate  match t o  
c e r t a i n  aspects o f  t h e  c o n t r o l l e r ' s   b e h a v i o r .  A c o s t   w e i p h t i n p  
on   mean- squa red   con t ro l - r a t e   ac t iv i ty  i s  t y p i c a l l y   i n c l u d e d   i n  t h e  
c o s t   f u n c t i o n a l   t o   r e p r e s e n t   l i m i t a t i o n s   ( b o t h   p h y s i o l o g i c a l   a n d  
self- imposed)   on t h e  bandwidth  of  t h e  c o n t r o l l e r ' s   r e s p o n s e .  The  

e f f e c t  o f  t h i s  w e i p h t i n g  i s  t o   g e n e r a t e  a f i rs t -order  l a p  w i t h  time 
c o n s t a n t  T~ i n  t h e  c o n t r o l  s t r a t e p y .  

-Y 
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The   "ad jus t ab le"   po r t ion   o f  t h e  p i l o t ' s  r e s p o n s e  s t ra tegy  
C o n s i s t s   o f :  ( a )  a Kalman f i l t e r  t o   p r o v i d e  t h e  human w i t h  t h e  

best  estimate of t h e  system s ta tes;  ( b )  a n   o p t i m a l   p r e d i c t o r   t o  
c o m p e n s a t e   p a r t i a l l y   f o r  t h e  human 's   inherent  time de lay ;  and 
( c )   a n   o p t i m a l   c o n t r o l  law, d e s i g n a t e d  as -k* i n   F i g u r e  1, which 

ope ra t e s   on  t h e  estimated s t a t e  v e c t o r .  These e l emen t s  are  p re -  
sumed t o  be s t r u c t u r e d  by  t h e  human s o  as t o  minimize t h e  cos t  
f u n c t i o n a l   w i t h i n  t h e  limits imposed by  h i s  i n h e r e n t   l i m i t a t i o n s .  

2 . 2 . 2  An O b s e r v a t i o n   N o i s e   M o d e l   f o r   C o n t r o l l e r   R e m n a n t  
Our model f o r   c o n t r o l l e r   r e m n a n t  i s  reviewed i n  d e t a i l  i n  Refer- 
ences  6-8. We o r i g i n a l l y   d e v e l o p e d  a model fo r   r emnan t  based on 
m u l t i p l i c a t i v e  ( i . e . ,  p r o p o r t i o n a l )   s o u r c e s   o f  human randomness 
such  as:  ( a )  e r r o r s   i n   o b s e r v i n g  t h e  d i s p l a y e d  v a r i a b l e ,  ( b )  e r r o r s  
i n   e x e c u t i n g  t h e  i n t e n d e d   c o n t r o l   a c t i o n ,   a n d   ( c )  random f l u c t u a -  
t i o n s   i n   c o n t r o l l e r   g a i n   a n d  time d e l a y .  Most o f  these p r o c e s s e s  
were found t o  b e  i n d i s t i n g u i s h a b l e   i n  t h e i r  e f f e c t s  on c o n t r o l l e r  
remnant  and were t h e r e f o r e   c o m b i n e d   i n t o  a s i n g l e   n o i s e  process -- 

a n   e q u i v a l e n t   o b s e r v a t i o n   n o i s e .  

Obse rva t ion   no i se  i s  most u s e f u l l y  r e p r e s e n t e d  as a v e c t o r  
p r o c e s s   i n   w h i c h  each s e n s o r y   v a r i a b l e  t h a t  i s  u t i l i z e d  by  t h e  
c o n t r o l l e r  i s  c o n s i d e r e d  t o  be  p e r t u r b e d  by a w h i t e  n o i s e   p r o c e s s .  
These o b s e r v a t i o n   n o i s e   p r o c e s s e s  are assumed t o  be  l i n e a r l y   i n -  
dependent   o f  each o t h e r   a n d   o f   e x t e r n a l   d i s t u r b a n c e   s i g n a l s .  
When t h e  rms ampl i tudes  of t h e  q u a n t i t i e s   p r e s e n t e d   o n  t h e  d i s p l a y  

are large compared t o   v i s u a l  t h r e s h o l d  e f f e c t s ,  t he  power d e n s i t y  
l e v e l s   o f  t h e  n o i s e   p r o c e s s e s   v a r y   p r o p o r t i o n a l l y  w i t h  s i R n a l  
v a r i a n c e   ( R e f . 8 ) .   I n  t h i s  s i t u a t i o n ,   o b s e r v a t i o n   n o i s e  may b e  

modelled as : 

v = P * a  2 
-Y -Y 
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where V i s  a v e c t o r  composed of t h e  p o w e r   d e n s i t y   l e v e l s   o f  t h e  
component   no ise   p rocesses ;  P i s  a n o r m a l i z e d   n o i s e   l e v e l ,   o r   ' ! n o i s e /  
s i g n a l   r a t i o " ;   a n d  o2 i s  a v e c t o r  composed o f  t h e  v a r i a n c e s   o f  t h e  
q u a n t i t i e s   o b t a i n e d   f r o m  t h e  d i s p l a y .  T h i s  model f o r   c o n t r o l l e r  
remnant has b e e n   v e r i f i e d  by e x t e n s i v e   a n a l y s i s   o f   s i n F l e - a x i s  
manua l   con t ro l  data. 

-Y 

-Y 

The n u m e r i c a l   v a l u e   o f  t h e  n o i s e / s i p n a l   r a t i o ,  P ,  has been  
f o u n d   t o  b e  on t h e  o r d e r   o f  0 . 0 1  u n i t s   o f   n o r m a l i z e d   p o w e r  pe r  
r a d / s e c  ( i . e . ,  -20 d B )  f o r  a wide v a r i e t y   o f   s i n g l e - l o o p   c o n t r o l  
tasks. The r e l a t i v e   i n v a r i a n c e   o f  t h i s  measurement   suggests  t h a t  

a c e n t r a l - p r o c e s s i n g  t y p e  o f   d i s t u r b a n c e  common t o  a l l  t r a c k i n g  
tasks i s  p r i m a r i l y  r e s p o n s i b l e   f o r   r e m n a n t  t h a t  i s  measured  under  
n e a r l y  i d e a l  v i e w i n g   c o n d i t i o n s .  Random p e r t u r b a t i o n s  of human 
c o n t r o l l e r   g a i n   o r  time de lay  are p o s s i b l e   m a n i f e s t a t i o n s  of  
c e n t r a l - p r o c e s s i n g   " n o i s e "  t h a t  wou ld   accoun t   fo r  t h e  remnant 
tha t  i s  measured. We have   gene ra l i zed   upon  t h e  n o t i o n   o f   c e n t r a l -  
p r o c e s s i n g   n o i s e   t o   d e v e l o p  t h e  model f o r  task i n t e r f e r e n c e   w h i c h  
is summarized  below. 

2.2.3 A Model  for T a s k  Interference 
""" 

Because   the  human c a n   e x e r t   o n l y  a l imi ted  amount of  p h y s i c a l   o r  
m e n t a l   e f f o r t ,  h i s  performance  on a given  psychomotor  task gener -  
a l l y  degrades as he i s  r e q u i r e d   t o   p e r f o r m  more  and  more tasks 
s i m u l t a n e o u s l y .   M u l t i p l e  tasks may t h u s  be  said t o   " i n t e r f e r e "  
w i t h  o n e   a n o t h e r .   I n t e r f e r e n c e  may o c c u r   i n  t h e  v i s u a l  systen! 
( b e c a u s e   o f   s c a n n i n g   r e q u i r e m e n t s ) ,  t h e  motor s y s t e m  ( i f  i n t e r m i t -  
t e n t   c o n t r o l  becomes   necessary) ,   and  t h e  c e n t r a l - p r o c e s s i n g  s y s t e m  
( b e c a u s e   o f   " s h a r i n g   o f   a t t e n t i o n " ) .  

A model f o r   c e n t r a l   s o u r c e s   o f   i n t e r f e r e n c e  has been   deve loped  
and i s  d e s c r i b e d   i n   R e f e r e n c e s  9 and 1 0 .  Development  of t h i s  model 
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p a r a l l e l s  t h e  development  of t h e  model f o r   c o n t r o l l e r   r e m n a n t   i n  
that the  v a r i o u s   s o u r c e s   o f   i n t e r f e r e n c e  are re f lec ted  t o   a n  
e q u i v a l e n t   p e r c e p t u a l   s o u r c e   o f   i n t e r f e r e n c e .   F o r   m a t h e m a t i c a l  
convenience ,  we t rea t  i n t e r f e r e n c e  as o c c u r r i n g  among t h e  percep-  
t u a l   s u b t a s k s  t ha t  are embodied i n  t h e  e n t i r e  task environment .  

The model f o r   i n t e r f e r e n c e  i s  based on t h e  pr imary  assumption 
tha t  t h e  c o n t r o l l e r  has a f i x e d  amount of " c a p a c i t y "   o r   " a t t e n t i o n "  
which  must b e  shared among t h e  v a r i o u s  tasks t o  b e  performed.  The 
e f f e c t s   o f   c a p a c i t y - s h a r i n g  are modelled by t h e  f o l l o w i n g   e q u a t i o n :  

where Pm ('I i s  the  n o i s e / s i g n a l   r a t i o   a s s o c i a t e d  w i t h   t h e  rnth per-  
c e p t u a l  task when a t o t a l   o f  M tasks are per formed  s imul taneous ly ,  
P i s  t h e  n o i s e   r a t i o  t ha t  i s  measured when a s i n p l e  task i s  per -  
formed,  and f m  i s  the  f r a c t i o n   o f   c a p a c i t y   a l l o c a t e d  t o  t h e  m 
task. The  n o i s e / s i q n a l   r a t i o  i s  t h u s  shown t o  v a r y   i n v e r s e l y  w i t h  

t h e  amount o f   " a t t e n t i o n "   d e v o t e d   t o  a p a r t i c u l a r  task.  S ince  
o v e r a l l   c a p a c i t y  o r  a t t e n t i o n  i s  presumed t o  b e  c o n s t a n t ,  t h e  
f r a c t i o n s   o f   c a p a c i t y   m u s t  sum t o   u n i t y .  The n o i s e / s l p n a l   r a t i o s  
a s s o c i a t e d  w i t h  each  of  t h e  s u b t a s k s   m u s t   t h e r e f o r e  obey t h e  
f o l l o w i n g   r u l e :  

0 t h  

M M 

The human is assumed t o   d i s t r i b u t e  h i s  a t t e n t i o n ,   s u b j e c t   t o  t h e  

a b o v e   c o n s t r a i n t ,   t o   o p t i m i z e  some o v e r a l l   m e a s u r e  of performance.  
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This  model f o r  task i n t e r f e r e n c e  has b e e n   v a l i d a t e d   i n   m u l t i -  
v a r i a b l e   c o n t i n u o u s - c o n t r o l   s i t u a t i o n s .  The o p t i m a l   c o n t r o l  model 
described above has b e e n   u s e d   i n   c o n j u n c t i o n  w i t h  t h e  model f o r  
i n t e r f e r e n c e   t o   p r e d i c t   a l l o c a t i o n   o f   a t t e n t i o n  as well as t r a c k -  
i n g   p e r f o r m a n c e   i n  these s i t u a t i o n s .   I n  t h e  f o l l o w i n p   c h a p t e r  of 
t h i s  r e p o r t  w e  show how the  model f o r  task i n t e r f e r e n c e  may be 
a p p l i e d   t o   m u l t i p l e - d e c i s i o n  tasks and t o  tasks r e q u i r i n g   d e c i s i o n  
p l u s  c o n t i n u o u s   c o n t r o l .  

b 



3 .  A N A L Y S I S  OF T H E   D E C I S I O N   T A S K  

3 . 1  Introduct ion 

We imposed three c o n s t r a i n t s   o n  t h e  s e l e c t i o n  of a n   e x p e r i -  
m e n t a l   d e c i s i o n  task.  The first c o n s t r a i n t  was t h a t  t h e  task b e  

compat ib le  w i t h  t h e  e x i s t i n g   t h e o r e t i c a l   s t r u c t u r e   f o r   o p t i m a l  
c o n t r o l   a n d   e s t i m a t i o n .   S e c o n d l y ,  we des i red  a task f o r  which 

t he  c o r r e c t n e s s   o r   i n c o r r e c t n e s s  of  t h e  s u b j e c t ' s   r e s p o n s e  b e  

unambiguous .   F ina l ly ,  a c e r t a i n  amount of  resemblance  between 
the  e x p e r i m e n t a l  t ask  and a d e c i s i o n  task e n c o u n t e r e d   i n  f l i g h t  
s i t u a t i o n s  was desired.  

A t  t h e  time w e  began this  work, t h e  s t a t e - v a r i a b l e   m o d e l  
had been   implemented   on ly   for  t ask  s i t u a t i o n s   i n   w h i c h  t h e  i n p u t s  
were con t inuous  w i t h  t i m e - s t a t i o n a r y   c h a r a c t e r i s t i c s .   A c c o r d i n g l y ,  
we desired a task which r equ i r ed   con t inuous   obse rva t ion   and  deci-  
sion-making ( a l b e i t  d i s c r e t e  r e s p o n s e   a c t i v i t y . )  The amount of 
pre-experimental   model   development   and  implementat ion  would t h e r e b y  

b e  min imized ,   and   p red ic t ions  of dec i s ion   pe r fo rmance   cou ld  b e  

o b t a i n e d   v i a  Kalman e s t i m a t i o n   t e c h n i q u e s   t h e n   c u r r e n t l y  imple-  

mented  on  our d i g i t a l  computer.  

The r e q u i r e m e n t   f o r   u n a m b i g u o u s   i n t e r p r e t a t i o n   o f  t h e  sub- 
j e c t ' s   r e s p o n s e  was n o t  a t r iv i a l   one .   Ambigu i ty   does  e x i s t ,  f o r  
example,  i n  t h e  case o f  a c o n t i n u o u s   s i p n a l - d e t e c t i o n  ( i . e . ,  
" v i g i l a n c e " )  task.  Here t h e  s u b j e c t  i s  r e q u i r e d   t o   d e t e c t  a ran-  
d o m l y - o c c u r r i n g   s i g n a l   i n  t h e  p re sence  o f  c o n t i n u o u s   n o i s e .   S i n c e  
t h e  d u r a t i o n   o f  t h e  s i g n a l  i s  usua l ly   ve ry  b r i e f  - on t h e  o r d e r  
o f  t h e  s u b j e c t ' s   r e a c t i o n  time - t h e  s u b j e c t ' s   r e s p o n s e  w i l l  o ccu r  
a f t e r  t h e  s i g n a l  has ceased.   Hence,  i t  i s  not  always c l ea r  
whe the r  a g i v e n   r e s p o n s e   c o r r e s p o n d s   t o  t h e  occur rence   o f  a s i g n a l  
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i n   t h e   r e c e n t   p a s t   o r  i s ,  i n   f a c t ,  a "false alarm" (Ref . 2 ) .  

P a r t l y   f o r  t h i s  r e a s o n ,  w e  decided a g a i n s t   u s i n g  a v i g i l a n c e  task .  

Our c h o i c e  of a d e c i s i o n   t a s k  was i n f l u e n c e d   t o  some e x t e n t  
by a n   i n v e s t i g a t i o n ,   c o n c u r r e n t l y   p e r f o r m e d  by NASA-Ames Research 
C e n t e r  (Ref.11) and   Bol t   Beranek   and  Newman I n c .   ( R e f . l 2 ) ,   o f  a 
p i c t o r i a l  runway d i s p l a y   f o r   m a k i n g   i n s t r u m e n t   a p p r o a c h e s   a n d  
touchdowns .   Th i s   s tudy   i nc luded   an   expe r imen t   i n   wh ich  t h e  p i l o t s  
were r e q u i r e d ,   i n  e f f e c t ,  t o   d e t e r m i n e  whether o r   n o t  t h e y  were 
w i t h i n  t h e  " l a n d i n g   w i n d o w " .   I n   o r d e r   t o  r e l a t e  t h e  work o f  t h i s  

p r o j e c t   t o  t h e  concur ren t   s tudy   o f   app roach   and   l and ing ,  w e  de- 

s igned   and   used  a d e c i s i o n  task t h a t  was a n   i d e a l i z a t i o n   o f  t h e  

task o f   d e c i d i n g  whe the r  o r   n o t  t h e  a i r c r a f t  i s  i n   t h e   l a n d i n g  
window. T h i s  t ask  i s  d e s c r i b e d  below. 

3 . 2  D e s c r i p t i o n  o f  t h e  T a s k  

The s u b j e c t  was p r e s e n t e d  w i t h  a n   o s c i l l o s c o p i c   r e p r e s e n t a -  
t i o n   o f  a n o i s y   g l i d e - s l o p e   i n d i c a t o r   a l o n g  w i t h  two   r e fe rence  
i n d i c a t o r s   s h o w i n g   t h e   " t a r g e t " ,   o r   r e g i o n   o f   a c c e p t a b l e  g l i d e -  

s l o p e   e r r o r .  The s u b j e c t ' s  task was t o  keep h i s  r e s p o n s e   b u t t o n  
depressed   whenever  h e  though t  t h e  t r u e   e r r o r  was w i t h i n  t h e  t a rge t  
area. I n   o r d e r   t o  t e s t  o u r   m o d e l   f o r  task i n t e r f e r e n c e ,  we p ro -  
v i d e d   t w o   s u c h   d e c i s i o n  tasks s i m u l t a n e o u s l y   t o  t h e  s u b j e c t .   I n  
the t w o - t a s k   s i t u a t i o n ,   t w o   n o i s y   i n d i c a t o r s  were p r e s e n t e d   o n  
t h e  same d i s p l a y   a n d   t h e   s u b j e c t   m a n i p u l a t e d   t w o   r e s p o n s e   b u t t o n s .  
The t w o   " e r r o r "   s i g n a l s  were l i n e a r l y   i n d e p e n d e n t   a n d  were i n  no 
way a f f e c t e d  by  t h e  s u b j e c t ' s   r e s p o n s e .  The d i s p l a y   f o r m a t   f o r  
the  t w o - t a s k   s i t u a t i o n  i s  shown i n   F i g u r e  2 .  ( A d d i t i o n a l  de t a i l s  
on the  e x p e r i m e n t a l   d e c i s i o n  task are g i v e n   i n   A p p e n d i x  A , )  
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The q u a n t i t y   d i s p l a y e d   t o   t h e   p i l o t  was c o n s t r u c t e d  as t h e  
summation  of a " s i g n a l "   p l u s  a "noise"   waveform.  Thus,  

w h e r e   y ( t )  was d i s p l a y e d   t o   t h e   s u b j e c t ,  s ( t >  was a low-frequency 
random  waveform tha t  we d e f i n e d  as t h e   " s i g n a l "   ( s a y ,   g l i d e - s l o p e  
e r r o r ) ,   a n d   n ( t )  was a random  waveform  of   higher   f requency t ha t  
we d e f i n e d  as " i n s t r u m e n t   n o i s e " .  

Both s ( t )  a n d   n ( t )  were g e n e r a t e d  by  G a u s s i a n   w h i t e   n o i s e  
processes   which   were   shaped  b y  f i l t e r s   o f  the  f o l l o w i n e   f o r m :  

The  e lement  s/(s+O.O5)was i n c l u d e d   t o   g u a r a n t e e  tha t  e a c h   s i g n a l  
had z e r o  mean; t h e  second-o rde r   Bu t t e rwor th  f i l t e r  p rov ided  t h e  

p r i m a r y   s h a p i n c   o f  t h e  s i p n a l .  The "bandwidth"  of  s ( t )  was f i x e d  
a t  0.5 r a d / s e c  , and t h e  i n p u t   a m p l i t u d e  was a d j u s t e d  s o  t h a t  
s ( t )  would b e  w i t h i n  t he  t a rge t  area ha l f  t h e  t i m e   d u r i n p  t h e  

c o u r s e   o f   a n   e x p e r i m e n t a l  t r i a l .  The bandwidth of  n ( t )  was s u f -  
f i c i e n t l y   g r e a t e r   t h a n   t h a t   o f  s ( t )  t o   e n a b l e  t h e  s u b j e c t   t o  d i s -  

t i n g u i s h   b e t w e e n   t h e   n o i s e   a n d   s i g n a l   c o m p o n e n t s   o f  t h e  d i s p l a y e d  
var iab le   [y( t>] .   Noise   power   and   bandwidth  were e x p e r i m e n t a l  
v a r i a b l e s .  The   wh i t e  n o i s e   f o r c i n g   f u n c t i o n s   d r i v i n g  the  s i g n a l  
a n d   n o i s e  f i l t e r s  were l i n e a r l y   u n c o r r e l a t e d .  

* 

t 
For   s eman t i c   conven ience ,  we r e f e r  t o  t h e  c r i t i c a l   f i l t e r  f r e -  
quency wo as the   "bandwidth"  of t he  filter o u t p u t .  



Our mathematical d e s c r i p t i o n  of t h i s  dec is ion  task c o n s i s t s ,  
i n  par t ,  of a s t a t e - v a r i a b l e   r e p r e s e n t a t i o n  of the  dynamics of 
s ( t ) - ; n ( t ) ,   a n d   y ( t ) .  Let - x ( t )  be  a v e c t o r   c o n s i s t i n e  of the 
s t a t e  v a r i a b l e s   n e e d e d  t o  d e s c r i b e  t h e  problem.   S ince  two t h i r d -  

order  f i l t e rs  were used  t o  e e n e r a t e  t h e  s i g n a l   d i s p l a y e d   t o  t h e  

human, t h e  s ta te  v e c t o r  m u s t   c o n t a i n   s i x   e l e m e n t s ,  two of  which 
may b e  i d e n t i f i e d  w i t h  n ( t )  and s ( t ) .  The equa t ions   o f   mo t ion  
o f   x ( t  ) are  

where -. A i s  a m a t r i x  which a c c o u n t s   j o i n t l y   f o r  t h e  dynamics  of 
these random  processes   and w ( t )  - i s  a v e c t o r  of t h e  ( two)   i ndependen t  
whi te  d r i v i n g   n o i s e s .  

The s u b j e c t  was n o t  shown the  f u l l  s t a t e  v e c t o r .   I n s t e a d ,  
he was d i s p l a y e d  t h e  summation  of  two  of the s t a t e s .  The d i s p l a y  
v e c t o r  was t h u s  a l i n e a r   t r a n s f o r m a t i o n  of t h e  s t a t e  v e c t o r   a n d  
may b e  w r i t t e n   i n   p e n e r a l  terms as 

(S ince  t h e  s u b j e c t  w i l l  u s u a l l y   o b t a i n  rate  as well as displace-  
ment i n fo rma t ion   f rom h i s  d i s p l a y ,  we m u s t  c o n s i d e r  t h e  s u b j e c t ' s  
p e r c e p t u a l   i n p u t  as a vec tor   quant i ty   even   though  on ly   one   quan-  
t i t y  i s  d i s p l a y e d  e x p l i c i t l y .  ) 

The mathematical r e p r e s e n t a t i o n   o f  t he  d e c i s i o n  task i s  t h u s  
t o  a large e x t e n t   i d e n t i c a l   t o   o u r   m a t h e m a t i c a l   r e p r e s e n t a t i o n   o f  
t h e  c o n t i n u o u s   c o n t r o l  t ask .  (See Ref.4) Not s u r p r i s i n p l y ,   t h e n ,  
we may d i r e c t l y  a p p l y  a c o n s i d e r a b l e   p o r t i o n   o f   o u r   o p t i m a l - c o n t r o l  
model t o  t h e  a n a l y s i s   o f  t h e  d e c i s i o n  t a sk .  The m a j o r   d i f f e r e n c e  
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i s  that w e  r e p l a c e   o p t i m a l   c o n t r o l   a c t i o n  w i t h  o p t i m a l   d e c i s i o n  
behavior .   Our   model   for  t h e  human 's   dec is ion  s t r a t e g y  i s  d e s c r i b e d  
below. 

3 . 3  The H u m a n ' s   O p t i m a l  Decision S t r a t e g y  

It i s  c o n v e n i e n t   t o   s e p a r a t e  t h e  human 's   dec is ion  s t r a t e p y  
i n t o  two d i s t i n c t   o p e r a t i o n s :  ( a )  e s t i m a t i n g  t h e  u n d e r l y i n g   s i E n a l  
s ( t ) ,  g iven  h i s  p e r c e p t u a l   i n f o r m a t i o n ,   a n d  ( b )  g e n e r a t i n g  h i s  

d e c i s i o n   r e s p o n s e   e i v e n  h i s  bes t  estimate o f  s ( t ) .  The  model f o r  
t h e   h u m a n ' s   e s t i m a t i o n  s t r a t epy  i s  i d e n t i c a l   t o  that which we 
h a v e   a p p l i e d   i n  the  c o n t i n u o u s - c o n t r o l   s i t u a t i o n ,  as shown i n  
F i g u r e  3. The h u m a n ' s   l i m i t a t i o n s  a re  r e p r e s e n t e d  by a n   e q u i v a l e n t  
p e r c e p t u a l  time de lay  a n d   o b s e r v a t i o n   n o i s e   p r o c e s s ,  as before ,  
and we r e t a i n  t h e  model  elements o f  o p t i m a l   p r e d i c t i o n   a n d  Kalman 
f i l t e r i n g .  The human i s  assumed t o   a d o p t   a n   o p t i m a l   d e c i s i o n   r u l e  
which o p e r a t e s  on h i s  bes t  estimate o f  t he  s y s t e m  s ta tes  t o  y i e l d  
a d e c i s i o n  s t r a t egy  which  maximizes t h e  e x p e c t e d   u t i l i t y   o f  t h e  

d e c i s i o n .  The o p t i m a l   e s t i m a t i o n   a n d   o p t i m a l   d e c i s i o n   a s p e c t s   o f  
t h e  model are  d i s c u s s e d   s e p a r a t e l y   b e l o w .  

c_" 3 . 3 . 1  O p t i m a l   E s t i m a t i o n  -~ 
The s u b j e c t ' s  a b i l i t y  t o  estimate t h e  s i p n a l  s ( t )  i s  l i m i t e d  no t  
on ly  by  t h e  a d d i t i o n   o f   s i m u l a t e d   i n s t r u m e n t   n o i s e ,  b u t  a l so  b y  

t h e  s u b j e c t ' s  own i n t e r n a l   n o i s e   a n d  time delays.  The time d e l a y  

( o r   " r e a c t i o n  time") ar ises  from a combinat ion  of   neural   conduc-  
t i o n  times, c e n t r a l - p r o c e s s i n E  d e l a y s ,  and   l imi t a t ions   on   neu ro -  
muscular   bandwidth.  To t h e  e x t e n t  t h a t  t h e  human cannot  compen- 
sa te  f o r  t h i s  time de lay  by a n   o p t i m a l   p r e d i c t i o n   s t r a t e g y ,  time 
de lay  w i l l  b e  a source   o f   pe r fo rmance   deg rada t ion .  
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Second,  and perhaps more i m p o r t a n t ,  i s  the  randomness  asso- 
c ia ted w i t h  human r e s p o n s e   b e h a v i o r .  That  is, i f  we repeat t h e  

p r e s e n t a t i o n   o f  t h e  e n t i r e  waveform y ( t )  on  two d i f f e r e n t   e x p e r i -  
menta l  t r ia ls ,  t h e  s u b j e c t  will n o t  depress and release h i s  re- 
s p o n s e   b u t t o n  a t  e x a c t l y  t h e  same r e l a t i v e  times from  one t r i a l  
t o  t h e  n e x t .  With r e s p e c t   t o  t h i s  p a r t i c u l a r   d e c i s i o n  task, 
p o t e n t i a l   s o u r c e s   o f  human randomness  include:  (a )  p e r c e p t u a l  
e r r o r s  made i n   o b s e r v i n g  y ( t ) ,  (b) c o m p u t a t i o n a l   e r r o r s   i n  e s t i -  
mating s ( t )  based on t h e  p e r c e p t u a l   i n p u t ,   a n d   ( c )   v a r i a t i o n s   i n  
t h e  human ' s   e f f ec t ive  time delay.  For   mathemat ica l   convenience ,  
we combine a l l  s o u r c e s   o f   r a n d o m n e s s   i n t o   a n   e q u i v a l e n t   p e r c e p t u a l ,  
o r  o b s e r v a t i o n ,   n o i s e   p r o c e s s .  T h i s  t r e a t m e n t   o f   d e c i s i o n  random- 
n e s s  i s  p a r a l l e l  t o  o u r   t r e a t m e n t   o f  human c o n t r o l l e r   r e m n a n t  
(see Refs. 6-8) . 

The human ' s   pe rcep tua l   i npu t  i s  t h u s   c o n s i d e r e d  as a n o i s y ,  
delayed v e r s i o n   o f  t h e  q u a n t i t y   p r e s e n t e d   o n  the  d i s p l a y  and i s  
r e p r e s e n t e d  as 

where y ( t )  i s  t h e  v e c t o r   o f   p e r c e i v e d   q u a n t i t i e s ,  't i s  t h e  human's 
e f f e c t i v e  time d e l a y ,  and v ( t - T )  i s  a v e c t o r   o f   e q u i v a l e n t   o b s e r -  
v a t i o n   n o i s e   p r o c e s s .   ( F o r  t h e  task cons ide red  here,  t he  v e c t o r  
v contains   two  components ,  v a n d   v *  t o  r e p r e s e n t   o b s e r v a t i o n  
n o i s e   p r o c e s s e s   a s s o c i a t e d  wi th  e s t ima t ion   o f   d i sp l acemen t   and  
v e l o c i t y ,   r e s p e c t i v e l y . )   I n   k e e p i n g  w i t h  o u r   p r e v i o u s   t r e a t m e n t  
o f  human o b s e r v a t i o n   n o i s e ,  we c o n s i d e r  v ( t )  t o  be  composed o f  
white g a u s s i a n   n o i s e   p r o c e s s e s  tha t  are l i n e a r l y   i n d e p e n d e n t   o f  
each   o the r   and  of sys tem f o r c i n g   f u n c t i o n s .  

-P 
-Y 

-Y Y Y J  

-Y 
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S i n c e  t h e  d isp layed  q u a n t i t y  i s  g e n e r a t e d  by l i n e a r l y  f i l t e r e d  
white  n o i s e ,  the  s i g n a l  y ( t )  Is, by d e f i n i t i o n ,  a sample f u n c t i o n  
of  a gauss-markov  process   (Ref .13) .  This  t y p e  of   random  process  
has the  f o l l o w i n g   p r o p e r t i e s   w h i c h   j u s t i f y   o u r   a s s u m p t i o n s   o f  
o p t i m a l   e s t i m a t i o n   a n d   p r e d i c t i o n :  

1. The c u r r e n t  "state" o f  the p r o c e s s   c o n t a i n s  a l l  t h e  u s e f u l  
i n fo rma t ion   abou t  t h e  p r o c e s s .   T h u s ,   f o r   m o s t   p r a c t i c a l  
pu rposes ,  t h e  e n t i r e  past h i s t o r y   o f  x ( t )  i s  ''summarized" by 
the c u r r e n t   v a l u e   o f  t h e  s t a t e  v e c t o r ,  - x ( t ) .  

2. The best  estimate o f  the  s ta te  v e c t o r  is  g iven  by  a Kalman 
f i l t e r  cascaded w i t h  a n   o p t i m a l   p r e d i c t o r   w h i c h   o p e r a t e s  on 
the  n o i s y   i n p u t   v a r i a b l e  y ( t )  (Ref .13) .  Th i s  f i l t e r  i s  l i n e a r  
and   t ime- invar ian t ,   and  t h e  d i f f e r e n c e   b e t w e e n  t h e  i n s t a n t a n e o u s  
v a l u e   o f  t h e  s t a t e  vec to r   and  t h e  best  estimate i s  a l s o  time 
i n v a r i a n t .  ( T h i s  d i f f e r e n c e ,  o r  " e s t i m a t i o n   e r r o r " ,  has a 
v a r i a n c e  which we deno te  by s.)  The estimate o f  t h e  s t a t e  2 

v e c t o r ,   d e n o t e d  by - ?( t ) ,  i s  "best" i n  t h e  s e n s e  tha t  i t  i s  
the minimum-variance as well as t h e  maximum-likelihood e s t i -  
mate. (Ref. 1 4 )  

-P 

3 .  The pa i r  ( g ( t ) , s )  c o n s t i t u t e s  a s u f f i c i e n t   s t a t i s t i c   t o  test 
hypotheses   about  - x ( t )  based on t h e  no i sy  data x ( t )  . This  i s  
s o  because a l l  t h e  r e l e v a n t   i n f o r m a t i o n  t h a t  can b e  e x t r a c t e d  
from x ( t )  i s  c o n t a i n e d   j o i n t l y   i n  g ( t )  and c& (Ref.14). 

P 

P - 

Note that t h e  Kalman f i l t e r  may b e  u s e d   t o   p r e d i c t  t h e  v a r i -  
ance   o f  the  e s t i m a t i o n   e r r o r  as well as t h e  i n s t a n t a n e o u s  bes t  
estimate of  t he  s ta te  v e c t o r .   ( P r e d i c t i o n s   o f  t h e  i n s t a n t a n e o u s  
e s t i m a t i o n   e r r o r   c a n n o t  be o b t a i n e d ;   o t h e r w i s e ,  t h e  s ta te  v e c t o r  
could  b e  estimated p e r f e c t l y . )  I n  t h e  f o l l o w i n g   s e c t i o n  we show 
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t h a t  knowledge  of t h e  rms e s t i m a t i o n   e r r o r  is  needed t o  p e n e r a t e  
t he  c o r r e c t   d e c i s i o n  s t r a t epy  . 

3 . 3 . 2  O p t i m a l  Decision R u l e  
The p e n e r a l   e x p r e s s i o n   f o r  t h e  o p t i m a l   d e c i s i o n   r u l e  has been 
d e r i v e d   i n   C h a p t e r  2 as 

where H ( t )  i s  the s u b j e c t ' s   i n s t a n t a n e o u s   d e c i s i o n   r e s p o n s e ,  h ( t )  

i s  t h e  s t a t e  of  the  wor ld ,  z ( t )  r e p r e s e n t s  t h e  data upon  which t h e  

human bases h i s  d e c i s i o n ,   a n d  Uo and U1 r e l a t e  t o  t h e  u t i l i t i e s  
o f  t h e  v a r i o u s   c o r r e c t   a n d   i n c o r r e c t   d e c i s i o n   p o s s i b i l i t i e s .  Let 
u s   i d e n t i f y  hl  as the  c o n d i t i o n   f o r   w h i c h  t h e  s i g n a l  s ( t )  i s  w i t h -  

i n  the  target  b o u n d a r i e s   ( d e n o t e d  by +Y ) .  The c o n d i t i o n  ho 

r e p r e s e n t s   a n   o u t s i d e - t h e - t a r g e t   c o n d i t i o n .   S i m i l a r l y ,  H1 and Eo 
r e p r e s e n t  t h e  human ' s   dec i s ion  t h a t  t h e  s i p n a l  i s  e i t h e r  i n s i d e  
o r   o u t s i d e  t h e  t a r g e t  area. For the  p rob lem  cons ide red  here ,  the 
data denoted  by t h e  g e n e r a l   e x p r e s s i o n  z ( t )  c o n s i s t  o f  t h e  i n s t a n -  
t a n e o u s  best  estimate - ;(t) and t h e  rms e s t i m a t i o n   e r r o r  ae. 
Although t h e  Kalman f i l t e r  y i e l d s  t h e  f u l l  - x^ and % v e c t o r s ,  on ly  
t h o s e   e l e m e n t s   c o r r e s p o n d i n g  t o  t h e  s i p n a l  s ( t )  are n e e d e d   f o r  
makinp t h e  d e c i s i o n .  

"T 

We now r e f o r m u l a t e  t h e  p e n e r a l   d e c i s i o n   r u l e   o f   E q u a t i o n  ( 1 4 )  
i n  terms o f   p r o b l e m   v a r i a b l e s :  
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For  any Uo/U1, w e  may f i n d  a "dec is ion   boundary"  YD such t h a t  

Thus,,  whatever t h e  u t i l i t y   m a t r i x ,  t h e  s u b j e c t ' s   o p t i m a l   d e c i s i o n  
s t ra tegy i s  to respond  " in"   whenever  h i s  best  estimate of s ( t )  i s  
less t h a n  some  predetermined  decis ion  boundary.  

The r e l a t i o n   o f  the  d e c i s i o n   b o u n d a r y   t o  t h e  ac tua l  ta rge t  
boundary  depends  on t h e  r a t i o  U1/Uo. For  example,  i f  t h e  p e n a l t y  
f o r   i n c o r r e c t l y   d e c i d i n g  tha t  s ( t )  i s  on t a r g e t  i s  much grea te r  
t h a n  the  p e n a l t i e s   a n d  rewards a s s o c i a t e d  w i t h  t h e  remain ing  de- 

c i s i o n   p o s s i b i l i t i e s  (as might be  t h e  c a s e   i n  making a l a n d i n g  
d e c i s i o n ) , t h e   s u b j e c t   s h o u l d  set h i s  d e c i s i o n   b o u n d a r i e s   t o   s p a n  
a na r rower   r ange   t han  t h e  a c t u a l  target boundar i e s .  T h i s  s t ra tegy  
w i l l  cause him to make fewer e r r o r s  of t h e  expens ive   type  a t  t h e  
c o s t  o f  making  more e r r o r s   o f  t h e  less c o s t l y  t y p e .  If U1 and Uo 
are e q u a l  (as presumably was the  c a s e   i n   o u r   e x p e r i m e n t s ) ,  t h e  

s u b j e c t   s h o u l d   a d o p t  t h e  a c t u a l  target boundary as h i s  d e c i s i o n  
boundary. 
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3 . 4  Predicted  Decision  Performance 

I n  this  s e c t i o n  w e  show how t h e  model descr ibed  above may b e  

u s e d   t o   p r e d i c t   t h e   s u b j e c t ' s   d e c i s i o n  e r r o r .  Only t h e   p r i n c i p a l  
t h e o r e t i c a l   r e s u l t s  are p r e s e n t e d  here;  f o r  more de t a i l s  on t h e  

computa t iona l   p rocedure ,  see S e c t i o n  B . 2  of t h e  Appendix.   Sinple-  
task and two-task s i t u a t i o n s  are d i s c u s s e d   s e p a r a t e l y .  

3 . 4 . 1  Single-Task  Decision  Performance 
We a n a l y z e  here t h e   s i n g l e - t a s k   d e c i s i o n   s i t u a t i o n s  t ha t  were ex- 
p l o r e d   e x p e r i m e n t a l l y .  The p r inc ipa l   pe r fo rmance   measu re  i s  t h e  

" d e c i s i o n  error" ,  d e f i n e d  as t h e  p r o b a b i l i t y  t h a t  t h e  s u b j e c t  w i l l  
make e i t h e r  t y p e   o f   d e c i s i o n   e r r o r  a t  any i n s t a n t   o f  time. T h a t  

* 
i s  9 

D e c i s i o n   E r r o r  = P(Hl ,hO)  + P(HO,hl)  (17) 

The s u b j e c t  i s  assumed t o  b e  p e n a l i z e d  e q u a l l y  f o r  e i t h e r  t y p e   o f  
d e c i s i o n   e r r o r .  No reward i s  g i v e n   f o r  a c o r r e c t   d e c i s i o n .  We 
s h a l l ,  t h e r e f o r e ,  t r e a t  t h e  d e c i s i o n   e r r o r  as a " c o s t "  t h a t  i s  t o  
b e  minimized ( r a t h e r  t h a n  a " u t i l i t y " ,  o f  n e p a t i v e   n u m e r i c a l   v a l u e ,  
t h a t  i s  t o  b e  maximized).  

We c o n s i d e r  two e x p e r i m e n t a l   v a r i a b l e s :  t h e  c r i t i c a l   f r e a u e n c y  
("bandwidth")  of t h e  f i l t e r  u s e d   t o   p e n e r a t e  t h e  s i m u l a t e d   i n s t r u -  
ment no i se ,   and  t h e  r a t i o   o f   " s i p n a l "   p o w e r   t o   " n o i s e "   p o w e r .  11; 
a d d i t i o n ,  we must s e l e c t   v a l u e s   f o r  t h e  human's time de lay  and 
o b s e r v a t i o n   n o i s e   l e v e l s .  L e t  u s  f i x  t h e  time d e l a y  a t  0 . 2  sec.-- 
a v a l u e  t h a t  i s  t y p i c a l   o f  t h e  e f f e c t i v e  d e l a y s  i n f e r r e d   f r o m  

- 
We i n t e r p r e t  t h i s  p r o b a b i l i t y  as a p r e d i c t i o n   o f  t h e  f r a c t i o n   o f  
time t h a t  t h e  s u b j e c t ' s   d e c i s i o n   r e s p o n s e  w i l l  b e  i n   e r r o r   o v e r  
t h e  c o u r s e   o f   a n   e x p e r i m e n t a l  t r i a l .  



s t u d i e s   o f   m a n u a l   c o n t r o l   b e h a v i o r .  Let u s  a lso assume tha t  t h e  
o b s e r v a t i o n   n o i s e   l e v e l s  are p r o p o r t i o n a l  t o  s i g n a l   v a r i a n c e ,   a n d  
t h a t  the c o n s t a n t   o f   p r o p o r t i o n a l i t y  P i s  t h e  same f o r  displace- 
ment  and ra te  p e r c e p t i o n .  T h i s  t r e a t m e n t  i s  c o n s i s t e n t  w i t h  o u r  
t r e a t m e n t  o f  c o n t r o l l e r   r e m n a n t .  

* 

Rather t h a n   s p e c i f y  a s i n g l e ,   n o m i n a l   v a l u e  f o r  t h e  human's 
i n t e r n a l   n o i s e / s i g n a l   r a t i o ,  we s h a l l  t r e a t  t h i s  model parameter 
as a n   a n a l y t i c a l   v a r i a b l e .  We have two r e a s o n s  f o r  do ing  t h i s .  

F i r s t ,  we i n t e n d  t o  a c c o u n t   f o r  t h e  e f f e c t s  o f  task i n t e r f e r e n c e  
t h r o u g h   c h a n g e s   i n   n o i s e / s i g n a l   r a t i o .   A c c o r d i n p l y ,  we mus t  i n -  
v e s t i g a t e  t h e  r e l a t i o n   b e t w e e n   p r e d i c t e d   d e c i s i o n   e r r o r   a n d   n o i s e /  
s i g n a l   r a t i o .   S e c o n d ,  w e  r e q u i r e   e x p e r i m e n t a l   e v i d e n c e   t o  ascer- 
t a i n  t h e  v a l u e   o f   n o i s e / s i g n a l  r a t i o  t h a t  c o r r e s p o n d s   t o   s i n p l e -  
task performance (wh ich ,  as we s h a l l  see ,  v a r i e s   f r o m   s u b j e c t - t o -  
s u b j e c t )  . 

P r e d i c t e d   d e c i s i o n   e r r o r  i s  shown as a f u n c t i o n   o f   n o i s e /  
s i g n a l   r a t i o   i n   F i g u r e  4 .  Curves a re  shown f o r   e a c h   o f  t h e  s i n p l e -  
task c o n d i t i o n s  t h a t  were i n v e s t i g a t e d   e x p e r i m e n t a l l y .  The f i l t e r  
bandwid th   fo r  t h e  n o i s e   p r o c e s s   n ( t >   a n d  t h e  r a t i o  o f  s i g n a l  power 
t o   n o i s e  power i s  g i v e n   f o r   e a c h   o f  t h e  c o n d i t i o n s   i n  t h e  lepend 
accompanying t h e  f i g u r e .  

For  t h e  most p a r t ,  t h e  cu rves  shown i n   F i g u r e  4 behave as one 
w o u l d   e x p e c t .   P r e d i c t e d   d e c i s i o n   e r r o r   i n c r e a s e s  as t h e  s i m u l a t e d  
in s t rumen t   no i se   power   i nc reases   and  as t h e  h u m a n ' s   i n t e r n a l   n o i s e  
i n c r e a s e s .  The re  i s  one   unexpec ted   r e su l t ,   however .  The rank  
o r d e r   o f  t h e  two tasks c o r r e s p o n d i n g   t o  a as/on of  2 2  (Tasks  B and 
C )  depends  on t h e  n o i s e / s i p n a l   r a t i o  parameter a s s o c i a t e d  w i t h  t h e  

2 2  

. 
A m o d i f i c a t i o n  has t o  be  made t o  t h e  model  of  Equation ( 4 )  t o  
a c c o u n t   f o r  t h e  f a c t  t h a t   t h e  s u b j e c t ' s  d i s p l a y  c o n t a i n s  two 
r e f e r e n c e   l e v e l s  ( t h e  two t a rpe t  b o u n d a r i e s )   i n s t e a d   o f  t h e  
s i n g l e   z e r o   r e f e r e n c e  t h a t  i s  u s u a l l y   p r e s e n t e d .  T h i s  modi f ica-  
t i o n  i s  d e s c r i b e d   i n   S e c t i o n  B . l  o f  t h e  Appendix. 
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human. These two tasks d i f f e r  w i t h  repard t o  t h e  bandwidth asso- 
c ia ted  w i t h  t h e  n o i s e  process ( 4  rad/sec f o r  Task  B,  8 rad/sec f o r  
T a s k  C). For  low l e v e l s  of n o i s e / s i g n a l ,  a l o w e r   s c o r e  i s  a s so -  
c i a t ed  w i t h  Task C .  We would  expect  t h i s  t o  be  t h e  case, s i n c e  
t h e  greater  s e p a r a t i o n   b e t w e e n   s i g n a l   a n d   n o i s e   b a n d w i d t h s   f o r  
t h i s  task s h o u l d   a l l o w  t h e  s u b j e c t   t o   d i s t i n p u i s h   s i g n a l   f r o m  
n o i s e  more a c c u r a t e l y .  The h i g h e r  n o i s e   b a n d w i d t h   a s s o c i a t e d  w i t h  

Task  C y  however, becomes a l i a b i l i t y  when t h e  human ' s   no i se / s ipna l  
r a t i o  i s  r e l a t i v e l y  larEe, because  t h e  o b s e r v a t i o n   n o i s e   l e v e l  as- 
s o c i a t e d  w i t h  v e l o c i t y   p e r c e p t i o n  i s  p r o p o r t i o n a l   t o  t h e  v a r i a n c e  
o f   i n d i c a t o r   v e l o c i t y .   T h u s ,   f o r  h i g h  n o i s e / s i g n a l   l e v e l s ,   v e l -  
o c i t y   p e r c e p t i o n  degrades more f o r  Task  C t h a n   f o r  Task  R ,  w i t h  

t h e  r e s u l t  t ha t  T a s k  C now becomes t h e  more d i f f i c u l t   o f  t h e  two. 
For  a n o i s e / s i p n a l   r a t i o  of -20 d B ,  p r e d i c t e d   d e c i s i o n   s c o r e s  are 
e s s e n t i a l l y   i d e n t i c a l   f o r  T a s k s  B and C .  

The n u m e r i c a l   v a l u e   c h o s e n   f o r  t h e  human's time delay does 
n o t  appear t o  a f f e c t  t h e  r e l a t i o n s h i p s  amonp t h e  f o u r   c u r v e s  
shown i n   F i g u r e  4 .  The r e l a t i o n   b e t w e e n   d e c i s i o n   e r r o r   a n d   n o i s e /  
s i g n a l   r a t i o  i s  shown f o r  th ree  time d e l a y s  i n   F i e u r e  5 f o r  t h e  

easiest  and  most d i f f i c u l t   o f  t h e  f o u r   d e c i s i o n  tasks.  As e x p e c t e d ,  
a n   i n c r e a s e   i n  time de lay  w i l l  y i e l d  a h i g h e r  d e c i s i o n   e r r o r   f o r  
a g i v e n   l e v e l   o f  human n o i s e / s i p n a l .  The shape o f  t h e  e r ro r -vs -  
no i se / s igna l   cu rve   does   no t   depend   on  time d e l a y ,  however,  and t h e  

e f f e c t s   o f  task parameters on d e c i s i o n  e r r o r  a re  u n a f f e c t e d  by 
time d e l a y .  Thus,  t h e  same increment  i n   d e c i s i o n   e r r o r  i s  pre- 

d i c t e d   f o r  a p a r t i c u l a r   c h a n p e   i n  task parameters o r   f o r  a change 
i n   n o i s e / s i g n a l   r a t i o   f r o m   o n e   s p e c i f i c   l e v e l   t o  t h e  nex t  when 
t h e  time de lay  l i e s  w i t h i n  t he  range  o'f 0 . 1  t o  0 . 3  second.  
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The conve r se  i s  n o t   t r u e ,   h o w e v e r ,  when one attempts t o  i n f e r  
a n   i n c r e m e n t   i n   o b s e r v a t i o n   n o i s e   l e v e l  from a p a i r  of d e c i s i o n  
e r r o r   s c o r e s .   F o r   e x a m p l e ,  t h e  pair  of s c o r e s  0 .10  and 0.15 rep- 
r e s e n t s   a b o u t  a 9 d B  i n c r e m e n t   i n   n o i s e   r a t i o   f o r  Task  A when a 
time de lay  of  0 . 2  second i s  assumed,   bu t   on ly  a 6 . 5  dB increment  
when a 0 . 1  second d e l a y  i s  c o n s i d e r e d .  If we i n t e n d   t o   i n f e r  
n o i s e / s i g n a l   r a t i o s   f r o m   e x p e r i m e n t a l   d e c i s i o n   s c o r e s ,   t h e n   o u r  
i n t e r p r e t a t i o n s   c o u l d  b e  a p p r e c i a b l y   i n   e r r o r  i f  t h e  s u b j e c t ' s  
t r u e  de lay  were markedly d i f f e r e n t   f r o m  t h e  0 . 2  second t h a t  we 
have  assumed. We have,  however,   found  averaTe time d e l a y  t o  l i e  
w i t h i n  a r e l a t i v e l y   n a r r o w   r a n g e   a b o u t  t h i s  v a l u e   f o r  t h e  v a r i o u s  
manual   cont ro l   exper iments  t h a t  w e  have  conducted.   Accordinply,  
we d o   n o t   e x p e c t   t o   i n t r o d u c e   a p p r e c i a b l e   m o d e l l i n c   e r r o r  by 

a s suming   an   e f f ec t ive   t ime  d e l a y  o f  0 . 2  s e c o n d   f o r  t h e  d e c i s i o n  
tasks .  

The f o r e g o i n g   a n a l y s i s  has been  conducted  on t h e  assumpt ion  
t h a t  t h e  s u b j e c t  w i l l  s e l e c t  a d e c i s i o n   b o u n d a r y   e q u a l   t o  t h e  t a r -  
ge t  boundary; t h a t  i s ,  h e  w i l l  h o l d  t h e  r e s p o n s e   b u t t o n  down when- 
e v e r  he  estimates t h e  " s i g n a l "   t o  be  w i t h i n  t h e  t a r p e t .  T h i s  

would appear t o  be  t h e  o p t i m a l   d e c i s i o n  strateKy f o r  t h e  s i t u a t i o n s  
we have   i nves t iga t ed ;   name ly ,  w h e r e   t h e  a p r i o r i   p r o b a b i l i t y  of  
t h e  s i p n a l   b e i n g   o n  t a rge t  i s  0 .5  and t h e  c o s t s   o f  e i t h e r  t y p e  of  
d e c i s i o n   e r r o r  are e q u a l .  I t  i s  n e v e r t h e l e s s   p o s s i b l e  t ha t  t h e  

s u b j e c t  will adopt  a u t i l i t y   m a t r i x  t h a t  d i f f e r s  somewhat from 
t h a t  a s s i g n e d  by t h e  e x p e r i m e n t e r ,   i n   w h i c h   c a s e  t h e  d e c i s i o n  
boundary w i l l  n o t   c o i n c i d e  w i t h  t h e  t a rpe t  boundary. T h i s  i s  
e s p e c i a l l y  l i k e l y  i f  t h e  t o t a l   d e c i s i o n   e r r o r  i s  r e l a t i v e l y   i n -  
s e n s i t i v e   t o  t h e  s e l e c t i o n   o f  a dec i s ion   boundary .   Accord inp ly ,  
we have   ana lyzed  t h e  eas ies t  and  most d i f f i c u l t   o f  t h e  e x p e r i m e n t a l  
d e c i s i o n  tasks t o   d e t e r m i n e  t h e  r e l a t i o n   b e t w e e n   d e c i s i o n   e r r o r  
and   dec is ion   boundary .  



L e t  DE1 be  t h e  p r o b a b i l i t y   o f  a "false  alarm"; i . e . ,  t h e  
j o i n t   p r o b a b i l i t y  t h a t  t h e  s i g n a l  w i l l  be  o u t s i d e  t h e  taraet  area 
and tha t  t h e  s u b j e c t  w i l l  respond otherwise. Converse ly ,  l e t  DEO 
be  t h e  p r o b a b i l i t y  of  a "miss"; i . e . ,  t h e  f r a c t i o n  o f  time t h a t  
t h e  s u b j e c t  f a i l s  t o   r e s p o n d   p r o p e r l y  when t h e   s i g n a l  i s  o n   t a r g e t .  
The t o t a l  d e c i s i o n  e r ror  i s  d e f i n e d  as t h e  p r o b a b i l i t y  o f  e i t h e r  
t y p e  of d e c i s i o n  error and i s  s imply DEO+DE1. For  t h e  s i t u a t i o n  
i n  w h i c h   e q u a l   c o s t s  are a s s i g n e d   t o  t h e  two  types o f  d e c i s i o n  
e r r o r ,  t h e  ove ra l l   pe r fo rmance   measu re  i s  i d e n t i c a l   t o  t h e  t o t a l  
d e c i s i o n  e r ro r .  

I n   F i p u r e  6 we show t h e  e f f e c t s  of  t h e  dec is ion   boundary   on  
t h e  component  and t o t a l   d e c i s i o n   e r r o r   s c o r e s   f o r  Tasks  A and D .  

The i n d e p e n d e n t   v a r i a b l e  shown  on t h e  abscissa i s  t h e  d e c i s i o n  
boundary Y D J  normal ized  w i t h  r e s p e c t   t o  t h e  t a r re t  boundary Y T .  
The d e c i s i o n  area i s  assumed t o  b e  symmetr ic   about   zero :  i . e . ,  
the  s u b j e c t   i n d i c a t e s  a ' 'h i t"   whenever  he  estimates t h e  s i p n a l  t o  
be  w i t h i n  t h e  limits o f  - Y D  and + Y D .  

For  T a s k  D w e  f i n d  t h a t  t o t a l   e r r o r   r e m a i n s   w i t h i n  1 0  p e r c e n t  
o f   t h e   o p t i m a l   e r r o r   s c o r e   f o r   d e c i s i o n   b o u n d a r i e s  t h a t  range  from 
20 p e r c e n t   b e l o w   t o  2 0  percent   above  t h e  t a r g e t   b o u n d a r y .  The 

component e r r o r   s c o r e s  , however,  change m a r k e d l y  w i t h  a s h i f t  i n  
t h e  d e c i s i o n   c r i t e r i o n .   F o r  YD/Y, = 0 . 8 ,  t h e  p r e d i c t e d  miss ra te  
i s  abou t   tw ice  t h e  false alarm r a t e .  C o n v e r s e l y ,   f o r  Y D / Y T  = 1 . 2 ,  
t h e  f a l se  alarm r a t e  i s  about  th ree  times t h e  miss ra te .  DecisicJn 
p e r f o r m a n c e   f o r  T a s k  A i s  somewhat more s e n s i t i v e   t o   d e c i s i o n   c r i -  
t e r i o n   i n   t h a t  a t e n   p e r c e n t   d e v i a t i o n   i n  t he  dec is ion   boundary  
has the same e f f e c t   o n   t o t a l   e r r o r   s c o r e .  The r e l a t i v e   m a g n i t u d e s  
o f  t h e  component scores show t h e  same t r e n d  as i s  obse rved   fo r  
Task  D. I n  summary, we see t h a t   t h e   s u b j e c t  may e f f e c t  a cons id-  
erable t rade-of f   be tween false-alarm and miss ra tes  wi thou t  
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s e r i o u s l y   a f f e c t i n p   h i s  t o t a l  s c o r e .   I n  t h i s  s e n s e ,   o v e r a l l  de-  

c i s i o n   p e r f o r m a n c e  is  r e l a t i v e l y   i n s e n s i t i v e   t o   d e c i s i o n   c r i t e r i o n .  

3.4.2 Multiple-Task " Performance 
It has been   amply   demonst ra ted   tha t   the   human 's   per formance   on  a 
g iven  task g e n e r a l l y  degrades when a m u l t i p l i c i t y   o f  tasks  are 
pe r fo rmed   concur ren t ly .  We have shown t h i s  t o  b e  t r u e   f o r   c e r t a i n  
m a n u a l   c o n t r o l   s i t u a t i o n s ,   a n d  we have   deve loped   and   va l ida t ed  a 
model t o   a c c o u n t   f o r  t h e  e f fec ts  of task i n t e r f e r e n c e   i n   m u l t i -  
v a r i a b l e   c o n t i n u o u s - c o n t r o l   s i t u a t i o n s   ( R e f s . 9   a n d  l o ) .  T h i s  
model may be a p p l i e d   i n  a s t r a i g h t f o r w a r d  manner t o   p r e d i c t   p e r -  
formance  on  mult iple-decis ion tasks. 

Task  i n t e r f e r e n c e  i s  assumed t o  man i fe s t  I t s e l f  as a n   i n c r e a s e  
i n  t h e  h u m a n ' s   i n t e r n a l   n o i s e / s l p n a l   r a t i o   a c c o r d i n e :   t o  t h e  f o l -  
l o w i n g   r e l a t i o n s h i p  

Pi = Po/fi (18) 

where Po i s  t h e  n o i s e / s i g n a l   r a t i o  t h a t  c o r r e s p o n d s   t o  s i n p l e - t a s k  
performance,  Pi is t h e  r a t i o  a s s o c i a t e d   w i t h  t h e  ith s u b t a s k   i n  a 
m u l t i - t a s k   s i t u a t i o n ,   a n d  fi i s  t h e  f r a c t i o n   o f   a t t e n t i o n   d e v o t e d  
t o  t h a t  s u b t a s k .  T h i s  r e l a t i o n s h i p  may b e  used i n  c o n j u n c t i o n  
w i t h   t h e  cu rves  shown i n   F i g u r e  4 t o   p r e d i c t   m u l t i - t a s k   d e c i s i o n  
performance as f o l l o w s .  

L e t  u s  assume w e  f i rs t  per form a c a l i b r a t i o n   e x p e r i m e n t   i n  
which w e  measure  performance  on a s i n p l e   d e c i s i o n  task .  T h e  ap- 
p r o p r i a t e   t h e o r e t i c a l   c u r v e  i s  u s e d   t o   d e t e r m i n e  t h e  n o i s e / s i p n a l  
r a t i o  P o  t ha t  c o r r e s p o n d s   t o  t h i s  l e v e l   o f   p e r f o r m a n c e .  If we 
know  how  much a t t e n t i o n  t h e  s u b j e c t  will d e v o t e   t o  t h e  d e c i s i o n  
t a s k   i n  t h e  m u l t i - t a s k   s i t u a t i o n ,  w e  increment  t h e  n o i s e / s i g n a l  
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r a t i o  by  t he  amount i n d i c a t e d   i n   E q u a t i o n  ( 1 8 )  and r e f e r  a p a i n  t o  
t h e  a p p r o p r i a t e  t h e o r e t i c a l  cu rve  t o  p r e d i c t  t h e  m u l t i - t a s k   s c o r e .  
If we d.o no t  know a p r i o r i  how t h e  s u b j e c t  w i l l  a l l o c a t e  h i s  a t -  
t e n t i o n ,  we o b t a i n   c u r v e s   o f   p e r f o r m a n c e   v e r s u s   a t t e n t i o n   f o r   e a c h  
component task and  use these t o   d e t e r m i n e  t h e  a l l o c a t i o n   o f   a t t e n -  
t ion   which   min imizes  some m e a s u r e   o f   t o t a l - t a s k   p e r f o r m a n c e .  

To i l l u s t r a t e  t h i s  p rocedure ,  l e t  us   ana lyze  t h e  s i t u a t i o n  
i n  which t h e  s u b j e c t  i s  r e q u i r e d   t o   p e r f o r m  T a s k s  A and D s i m u l -  
t a n e o u s l y .  The p e r f o r m a n c e   i n d e x   t o  be minirrized i s  t h e  combined 
d e c i s i o n   e r r o r ,   w h i c h  i s  d e f i n e d  as t h e  summation  of t h e  t o t a l  
d e c i s i o n   e r r o r   s c o r e s  f o r  t he  two  component t asks .  We assume t h a t  
t h e  s u b j e c t  has a r e l a t i v e l y   f i x e d   i n f o r m a t i o n - p r o c e s s i n g   c a p a c i t y  
which he appl ies  f u l l y   t o  h i s  d e c i s i o n  t a sk ,  however  complex o r  
s imple  t h a t  task may b e .  I n   o t h e r  words, h i s  f r a c t i o n s   o f   a t t e n -  
t i o n  must sum t o  u n i t y   o v e r  t h e  component t asks .  Thus,  i f  t h e  

s u b j e c t   d e v o t e s  t h e  f r a c t i o n  f A  t o  T a s k  A i n  t h e  two-task s i t u a -  
t i o n ,  h e  w i l l  d evo te  t h e  f r a c t i o n  f D  = 1-fA t o  T a s k  D .  The no i se /  
s i g n a l   r a t i o s   a s s o c i a t e d  w i t h  t h e  two tasks will b e :  

Using these r e l a t i o n s h i p s ,   a l o n p  w i t h  t h e  t h e o r e t i c a l   c u r v e s  re- 
l a t i n g   d e c i s i o n   s c o r e   t o   n o i s e / s i p n a l   r a t i o ,  we can  compute  con- 
p o n e n t   a n d   t o t a l   d e c i s i o n   s c o r e s  as a f u n c t i o n   o f   a t t e n t i o n a l  
a l l o c a t i o n .  The p r e d i c t e d   ( o p t i m a l )   d i v i s i o n   o f   a t t e n t i o n  i s  t h e  

one   wh ich   co r re sponds   t o  t h e  minimum t o t a l   p e r f o r m a n c e   s c o r e .  
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Predicted component  and t o t a l   d e c i s i o n   e r r o r   s c o r e s  are shown 
i n   F i g u r e  7 as a f u n c t i o n   o f  the  f r a c t i o n   o f   a t t e n t i o n   d e v o t e d   t o  
Task A. ( A  n o i s e / s i g n a l   r a t i o   o f  -20 dB i s  a s s o c i a t e d  w i t h  f u l l  
a t t e n t i o n . )  We n o t e  t h a t  the component d e c i s i o n   e r r o r   s c o r e s  are 
r e l a t i v e l y   i n s e n s i t i v e   t o  lack o f   a t t e n t i o n   a n d  t ha t  a n   i n c r e a s e  
i n  one  of t h e  component s c o r e s  i s ,  t o   s o n e   e x t e n t ,   c o m p e n s a t e d   f o r  
by a d e c r e a s e   i n  t h e  o t h e r  component s c o r e  as t h e  a l l o c a t i o n   o f  
a t t en t ion   changes .   Consequen t ly ,  t h e  combined   dec i s ion   e r ro r  
s c o r e  i s  e x t r e m e l y   i n s e n s i t i v e   t o  t he  s u b j e c t ' s   d i v i s i o n   o f   a t t e n -  
t i o n .  Th i s  s c o r e   r e m a i n s   w i t h i n  1 0  p e r c e n t  o f  i t s  minimum va lue  
as t h e  s u b j e c t ' s   a t t e n t i o n   r a n g e s   f r o m  80 p e r c e n t   o n  Task A t o  
80 percent   on   Task  D. P r e v i o u s   a n a l y s i s  o f  m u l t i - a x i s   t r a c k i n p  
tasks w i t h  stable dynamics has a l s o   i n d i c a t e d  a r e l a t i v e   i n s e n s i -  
t i v i t y  of t o t a l - t a s k   p e r f o r m a n c e   t o   d i v i s i o n   o f   a t t e n t i o n .  (See 
References  9 and 1 0 .  ) 

Because of the i n s e n s i t i v i t y   o f   t o t a l - t a s k   p e r f o r m a n c e   t o  
a t t e n t i o n ,  we c a n n o t   e x p e c t   t o   v a l i d a t e  our method f o r   p r e d i c t i n p  
d i v i s i o n   o f   a t t e n t i o n   u s i n g   d e c i s i o n  tasks o f  t h e  t y p e  we have 
b e e n   i n v e s t i g a t i n g .  We can,  however,  t e s t  t h e  accuracy   of  t h e  

model t o   p r e d i c t  t h e  e f f e c t s   o f   i n t e r f e r e n c e   o n  the  t o t a l  per fora-  
a n c e   s c o r e .   F o r   e x a m p l e ,   i n  t h e  absence of  i n t e r f e r e n c e ,  t h e  com- 
b i n e d   s c o r e s   f o r  Tasks A and D would b e  about  1 0  p e r c e n t  less t h a n  
t h e  o p t i m a l   s c o r e   p r e d i c t e d   i n   F i g u r e  7 .  S ince   per formance   on  
Task A is  the  most s e n s i t i v e   t o   n o i s e / s i g n a l  r a t i o  of  a l l  t h e  de- 
c i s i o n  tasks c o n s i d e r e d   i n  t h i s  s t u d y ,  a larger  f r a c t i o n a l   i n -  
c r e a s e   i n   t o t a l   s c o r e  would be expec ted  i f  two tasks of  t y p e  A 

were per formed  s imul taneous ly .  The s u b j e c t  would  presumably de- 

v o t e  50 p e r c e n t  o f  h i s  a t t e n t i o n   t o   e a c h  component t a s k  on t h e  

average ,   and  t h e  d e c i s i o n   e r r o r   s c o r e   f o r  e i t h e r  task would  in- 
crease by about  1 7  p e r c e n t .  T h i s  l a t t e r  s i t u a t i o n  has been   i n -  
v e s t i g a t e d   e x p e r i m e n t a l l y ,   a n d   i n   S e c t i o n  4 . 2  of' t h i s  r e p o r t  we 
show tha t  t h e o r e t i c a l   a n d   e x p e r i m e n t a l   r e s u l t s  are i n  good 
agreement .  
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-.. 1 1 

The a n a l y s i s   p r o c e d u r e  described above may a l s o  be employed 
t o   p r e d i c t  human performance when a d e c i s i o n  task i s  performed 
c o n c u r r e n t l y  w i t h  a c o n t i n u o u s   c o n t r o l  task.  I n   t h i s   c a s e ,  t h e  
t h e o r e t i c a l   r e l a t i o n   b e t w e e n  some measure  of   t racking  performance 
( s a y ,  mean-squared e r r o r )   a n d  t h e  h u m a n ' s   n o i s e / s i g n a l   r a t i o  i s  
u s e d ,   a l o n g  w i t h  t h e  c o r r e s p o n d i n r   c u r v e  for dec i s ion   pe r fo rmance .  
We a g a i n   f i n d   t h e   d i v i s i o n  of a t t e n t i o n  t ha t  c o r r e s p o n d s   t o   m i n i -  
mum t o t a l   s c o r e ,  where t h e  " t o t a l   s c o r e "  might  b e  s p e c i f i e d  as a 
weighted sum of  d e c i s i o n   e r r o r   p l u s   m e a n - s q u a r e d   t r a c k i n p   e r r o r .  

S i n c e   c o n t i n u o u s   t r a c k i n g  tasks d i f f e r  f rom  dec i s ion  tasks 
i n  many respects ,  i t  i s  not   obvious  t h a t  t h e  same n o i s e / s i p a l  
r a t i o  Po shou ld  be a s s o c i a t e d  wi th  " f u l l   a t t e n t i o n "   f o r   b o t h  
tasks. We have  seen t ha t  t h e  r a t i o   c o r r e s p o n d i n g   t o   s i n p l e - t a s k  
performance may depend  on t h e  s e n s i t i v i t y   o f   p e r f o r m a n c e   s c o r e  
t o   n o i s e / s i g n a l   r a t i o   ( R e f . 9 ) .   I n   g e n e r a l ,  t h i s  s e n s i t i v i t y  i s  
g r e a t e r   f o r  m o s t   l a b o r a t o r y   t r a c k i n p  tasks t h a n  for t h e  d e c i s i o n  
tasks cons ide red  here. Fur thermore ,  we would  expect t h e  s u b j e c t ' s  
n o i s e / s i g n a l   r a t i o   t o   d e p e n d  on how well t h e  s u b j e c t  had l e a r n e d  
t h e  task.  T h i s  i s  e s p e c i a l l y   t r u e   f o r  t he  d e c i s i o n  task ,  where 
the  n o i s e / s i g n a l   r a t i o  must be  i n f e r r e d   f r o m  t h e  d e c i s i o n   e r r o r  
s c o r e .  

Accordingly,  we sha l l  add a n   a d d i t i o n a l  degree o f   f r eedom  to  
t h e  model f o r  task i n t e r f e r e n c e  when t h e  tasks are q u a l i t a t i v e l y  
d i f f e r e n t   f r o m   o n e   a n o t h e r .   F o r  t h e  s i t u a t i o n   i n  which c o n c u r r e n t  
performance  of  a s i n g l e   d e c i s i o n  and a s i n g l e   t r a c k i n p  task i s  t o  
b e  ana lyzed ,  t h e  model  of  Equation (19) i s  r e v i s e d  as f o l l o w s :  

PT = P / fT 
OT 
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where the  s u b s c r i p t s  T and D refer t o   t r a c k i n g   a n d   d e c i s i o n  per- 
f o r m a n c e ,   r e s p e c t i v e l y .   E x p e r i m e n t a l   r e s u l t s  on  combined t r a c k i n g  
and   dec i s ion   pe r fo rmance  are p r e s e n t e d   i n   S e c t i o n  4.3.  

3.5 Model-Validation  Procedures 

The model f o r  the  opt imal   dec is ion-maker   descr ibed   above   can  
be used t o   p r e d i c t  t h e  f i n e   s t r u c t u r e   o f  the  human 's   dec is ion  
s t ra tegy as well as t o   p r e d i c t   o v e r a l l   d e c i s i o n   p e r f o r m a n c e .   F o r  
example,   one  can  obtain a p r e d i c t e d   d e s c r i b i n g   f u n c t i o n   w h i c h  
r e p r e s e n t s  t h e  s u b j e c t ' s   o p t i m a l   e s t i m a t i o n  strategy: i . e . ,  t h e  
l i n e a r   t r a n s f e r   b e t w e e n  the  d i sp layed  v a r i a b l e  y ( t )  and t h e  best  
estimate o f  t h e  s i g n a l ,  6 ( t ) .  I n   a d d i t i o n ,   o n e   c a n   i n v e s t i g a t e  
the  " remnant"   por t ion   o f  t he  d e c i s i o n  s t ra tegy ,  which i s  s i m p l y  
the  spec t rum  o f  t he  e s t i m a t i o n   e r r o r  s e ( t ) .  

Prec ise   measures  of these f requency-domain   descr ip tors   cannot  
b e  e x t r a c t e d   f r o m  t h e  expe r imen ta l  data, however.  Unlike t h e  task 
o f   con t inuous   con t ro l ,  t h e  d e c i s i o n  task does   no t  require t h e  
s u b j e c t   t o   r e s p o n d   i n  a manner that i s  l i n e a r l y  re la ted t o  $ ( t ) .  
Thus, w e  can t e s t  the model  only w i t h  respect t o  i t s  a b i l i t y  t o  
p red ic t  d e c i s i o n   e r r o r   s c o r e s .  

A v a r i e t y   o f   e x p e r i m e n t a l   c o n d i t i o n s  i s  r e a u i r e d   t o  t e s t  t h e  
p r e d i c t i v e   a c c u r a c y   o f  t h e  model. T h i s  i s  s o  because t h e  model 
c o n t a i n s  two "free" parameters r e l a t i n g   t o  human l i m i t a t i o n s  (e f -  
f e c t i v e  time delay a n d   n o i s e / s i g n a l   r a t i o ) .  E i t h e r  of  these pa- 
rameters could  be  a d j u s t e d   t o   m a t c h  t h e  s u b j e c t ' s   d e c i s i o n  p e r -  
formance  under   any  given  condi t ion.   Thus,  we must   explore  t h e  
model 's  a b i l i t y  t o  p r e d i c t  differences i n   d e c i s i o n   p e r f o r m a n c e  
that arise f r o m   v a r i a t i o n s   i n  the  parameters o f  t h e  task.  I d e a l l y ,  
we would  hope t o   f i n d  that p e r f o r m a n c e   d i f f e r e n c e s   o f  t h i s  t y p e  



cou ld   be   accoun ted   fo r  w i t h  f i x e d  v a l u e s   f o r  time d e l a y   a n d   f o r  
s i n g l e - t a s k   n o i s e / s i g n a l   r a t i o .  

The same model -va l ida t ion   technique  app l i e s  t o  t h e  t r a c k i n p  
task i n  t h e  combined   t r ack ing   and   dec i s ion  task.  T h a t  i s ,  w e  
de te rmine  the  e x t e n t  t o  which   t racking   per formance   a lone   and  
t r a c k i n g   p e r f o r m a n c e   i n  the  t w o - t a s k   s i t u a t i o n   c a n  b e  matched by 
a c o n s i s t e n t  se t  of  model parameters. 

K 

#- - 
Because t h e  hardware was n o t   a v a i l a b l e   f o r   l i n k i n p  t o  BBM's 
d i g i t a l   c o m p u t e r ,  we were no t  able  t o  a n a l y z e   p i l o t   d e s c r i b -  
i n p   f u n c t i o n s   a n d   r e m n a n t   s p e c t r a  as we have   u sua l ly   done   i n  
t h e  past .   Consequent ly ,   model-matching was performed by se- 
l e c t i n y   n o i s e / s i p n a l   r a t i o s  and s u b j e c t i v e   c o s t   f u n c t i o n a l s  
t o  match t h e  ava i l ab le   pe r fo rmance   s co res   ( r ean - saua red   t r ack -  
i n g   e r r o r ,   e r r o r  r a t e ,  a n d   c o n t r o l   d i s p l a c e m e n t ) .  Time de l ay  
was he ld  f i x e d  a t  0.17  second  and motor n o i s e  a t  about  -25 dE-- 
va lues  t h a t  have  been founc? t o  be  t y p i c a l   o f  K / s  t r a c k i n g .  
We do  not f e e l  t h a t  t h e  v a l i d i t y  of  o u r  a n a l y s i s  has suf fered  
apprec iab ly   f rom t h e  lack  of   f requency-domain  Reasures .  We 
have  analyzed K/s t r a c k i n g   p e r f o r m a n c e  many times i n  t h e  past ,  
and we have  found t h a t  model pa rane te r s   wh ich   c lose ly   ma tch  
t h e  per formance   scores  w i l l  u s u a l l y   r e p r o d u c e   a c c u r a t e l y  t h e  
d e s c r i b i n p   f u n c t i o n s   a n d   r e m n a n t   s p e c t r a .   ( S e e   R e f e r e n c e s  4-10.)  
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4 .  THE EXPERIMENTAL P R O G R A M  

An exper imenta l   p rogram was u n d e r t a k e n   t o  t e s t  t h e  v a l i d i t y  
o f  the  model f o r   d e c i s i o n - m a k i n g   p r e s e n t e d   i n  t h e  p r e c e d i n p   c h a p t e r  
and t o   p r o v i d e   a d d i t i o n a l  t es t s  of   our   model   for  task i n t e r f e r e n c e .  
The f o l l o w i n g   s i t u a t i o n s  were e x p l o r e d :  ( a )  s i n g l e   d e c i s i o n  tasks ,  
( b )  m u l t i p l e   d e c i s i o n  tasks, and   ( c )   s imu l t aneous   con t ro l   and  
decision-making. The p r i n c i p a l   r e s u l t s  of these exper iments  are 
p r e s e n t e d   i n  t h i s  c h a p t e r .  

Because   o f   ce r t a in   me thodo log ica l   p rob lems   a s soc ia t ed  w i t h  
the p a r t i c u l a r   d e c i s i o n  task u s e d   i n  t h i s  s t u d y ,   n o t  a l l  o f  the 

e x p e r i m e n t a l   r e s u l t s   p r o v i d e d  a c o n c l u s i v e  t e s t  of  t h e  model. 
T h i s  was p a r t i c u l a r l y   t r u e   f o r  t h e  experiment   on  s imultaneous 
d e c i s i o n   a n d   t r a c k i n g .  These a n d   o t h e r   f a c t o r s   r e l a t i n g   t o  d i s -  
c repancies   be tween  theory   and   exper iment  are e x p l o r e d   i n  some 
de ta i l  i n  t he  d i s c u s s i o n  of r e s u l t s   g i v e n   i n  Chapter  5 .  

4 . 1  Ef fec t  of  Task  Parameters on Dec i s ion   E r ro r  

An experiment  was conducted to determine  t h e  e f f e c t   o f   c h a n g e s  
i n  task pa rame te r s  on d e c i s i o n   e r r o r   a n d  on i n f e r r e d   n o i s e / s i g n a l  
r a t i o .  Our p r i m a r y   o b j e c t i v e  was t o  t e s t  the  p r e d i c t i v e   c a p a b i l i t y  
o f   o u r   m o d e l .   S p e c i f i c a l l y ,  we wished to determine  t h e  e x t e n t   t o  
which dec i s ion   pe r fo rmance   cou ld  be p r e d i c t e d  by a model w i t h  
f i x e d   v a l u e s   f o r  the  human's time de lay  a n d   n o i s e / s i g n a l   r a t i o .  

4 . 1 . 1  Experimental   Procedures  
F o u r   s u b j e c t s  were provided  w i t h  s i x   t r a i n i n g  t r ia ls  on each o f  
t h e  f o u r   d e c i s i o n  tasks d e s c r i b e d   i n   S e c t i o n  3 .2 .  Exper imenta l  
c o n d i t i o n s  are summarized i n  T a b l e ' l .  F o l l o w i n g   t r a i n i n g ,  three 
"data" t r ia ls  were conducted w i t h  t h e  r igh t -hand  and   le f t -hand  

-=z 
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d i s p l a y s  a c t i v e .   S u b j e c t s   r e s p o n d e d   t o   o n l y   o n e   s i g n a l   d u r i n g  a 
g iven  t r i a l ,  with the rema in ing   s igna l   c l amped  a t  z e r o   d i s p l a c e -  
ment .   Addi t iona l  de ta i l s  on s u b j e c t   t r a i n i n g  are g i v e n   i n  
Appendix A. 

TABLE 1 

EXPERIMENTAL C O N D I T I O N S  FOR SINGLE-TASK D E C I S I O N  EXPERIMENT 

Task Os 'On 
2 2  

55 
22 

22 

5.5 

Bandwidth  of 
n ( t ) ( r a d / s e c )  

Bandwidth  of s ( t )  = 0.5 r a d / s e c  

The a v e r a g e   d e c i s i o n   e r r o r   s c o r e   s e r v e d  as t h e  pr imary per- 
formance  measure. The " d e c i s i o n   e r r o r "  was d e f i n e d  as t h e  f r a c -  
t i o n  of r u n   t i m e   d u r i n g   w h i c h   t h e   s u b j e c t  was n o t   i n d i c a t i n g  the  
t r u e  s ta te  o f  the s i g n a l  s ( t ) .  T h i s  s c o r e  was computed as t h e  sum 
of two  component e r r o r   s c o r e s :  the  " f a l s e  alarm'! ra te  ( t h e  f r a c -  
t i o n   o f  time t h e  s u b j e c t   d e c i d e d  tha t  s ( t )  was i n s i d e  t h e  target 
when i t  was a c t u a l l y   o u t )   a n d  t h e  "miss" r a t e  ( t h e  r e v e r s e  t y p e  
o f   d e c i s i o n   e r r o r ) .  

The s t a n d a r d   d e v i a t i o n   o f  t he  t o t a l   d e c i s i o n   e r r o r   s c o r e  was 
e s t i m a t e d .  This  was d e f i n e d  as 
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STD DEV = 

- N  1 (DEi-DE) - 2  
i=1 

N(N-1) - 

where DEi i s  the ave rage   s co re   o f  t h e  i'" s u b j e c t   f o r  a p a r t i c u l a r  
task, DE i s  t h e   a v e r a g e   s c o r e   f o r  a l l  s u b j e c t s  on t ha t  task,  and 
N i s  the n u m b e r   o f   s u b j e c t s   ( i n  t h i s  c a s e ,  4 ) .  A mean n o i s e / s i p n a l  
r a t i o  was i n f e r r e d   f o r   e a c h  task by  r e f e r e n c e  to t h e  a p p r o p r i a t e  
t h e o r e t i c a l   c u r v e   ( F i g u r e s  C - 1  t o  C-4, Appendix C). Standa rd  de- 
v i a t i o n s  were estimated f o r  t h e  n o i s e / s i g n a l   r a t i o  as f o l l o w s .  
Ra t ios  were found  which  corresponded t o  t h e  mean d e c i s i o n   e r r o r  
p lus   ( and   minus )   one   s t anda rd   dev ia t ion ;  t h e  a b s o l u t e   v a l u e   o f  t h e  
d i f f e rence   be tween  these n o i s e   r a t i o s ,   d i v i d e d  by two, was t a k e n  
as the  a p p r o x i m a t e   s t a n d a r d   d e v i a t i o n .  

4.1.2 Principal  Results 
F i g u r e  8 shows the e f f e c t s   o f  task pa rame te r s  on p r e d i c t e d  and 
m e a s u r e d   a v e r a g e   d e c i s i o n   p e r f o r m a n c e .   S t a n d a r d   d e v i a t i o n s   f o r  
the measured  scores  are a l s o  shown. P r e d i c t i o n s  were o b t a i n e d  w i t h  

nominal   va lues   o f  0 .2  s ec   and  -20 dB a s s i p n e d  to t h e  time d e l a y  
a n d   n o i s e / s i g n a l   r a t i o  parameters o f  t h e  model. 

For  t he  most p a r t ,  p red ic ted  and  measured  scores were i n   v e r y  
good  agreement.  For Tasks A ,  B, and C, t h e  measured   dec is ion  
e r r o r   s c o r e   v a r i e d  by less t h a n   o n e   s t a n d a r d   d e v i a t i o n   f r o r  t h e  
t h e o r e t i c a l   p r e d i c t i o n .  The decrease in   " in s t rumen t   no i se ' '   band-  
w i d t h  from 8 t o  4 rad/sec d i d  n o t   a p p r e c i a b l y   a f f e c t   d e c i s i o n  
performance. (We had p r e d i c t e d  that t h i s  would be t h e  c a s e  i f  

t h e  h u m a n ' s   n o i s e / s i g n a l   r a t i o  were - 2 0  d B . )  The on ly   no tab le  
d iscrepancy   be tween  theory   and   exper iment   occur red  for t h e  most 
d i f f i c u l t  task (Task  D); i n  t h i s  c a s e ,  t h e  measured  score was 
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about 11 percent greater t h a n  t h e  p red ic t ed  d e c i s i o n  error.  A t- 
t e s t  performed  on t h e  s u b j e c t  means r e v e a l e d  t h a t  t h i s  d i f f e r e n c e ,  
w h i l e  small i n   a b s o l u t e  terms, was s i g n i f i c a n t  a t  t h e  0 .05  c r i -  
t e r i o n   l e v e l .  

A v e r a g e   s c o r e s   f o r   e a c h   s u b j e c t  are shown i n  T a b l e  2 .  Also 
shown are t h e  r a t i o s  of fa lse  alarm t o  miss ra tes ,  a long  w i t h  t h e  

n o i s e / s i g n a l  ra t ios  i n f e r r e d   f r o m  the  d e c i s i o n   e r r o r   s c o r e s .  The  

fa lse  alarm ra t e  was, on t h e  ave rape ,   abou t  twice t h e  miss ra te  
f o r   e a c h   o f  t h e  f o u r   d e c i s i o n  tasks .  From F i p u r e  6 we n o t e  t h a t  
t h e  false alarm ra t e  shou ld  b e  about  50% greater  t h a n  t h e  miss 
r a t e  f o r  minimum t o t a l  s c o r e .   F u r t h e r m o r e ,   t o t a l   s c o r e  i s  shown 
t o  b e  r e l a t i v e l y   i n s e n s i t i v e   t o  a modera te   t rade-of f   be tween t h e  
fa lse  alarm ra t e  and t h e  miss r a t e .  Thus,  i t  would appear tha . t  
t h e  s u b j e c t s  adopted d e c i s i o n   c r i t e r i a  t h a t  were a p p r o p r i a t e   t o  
t h e  tasks. 

Dec i s ion  error  v e r s u s   i n f e r r e d   n o i s e / s i g n a l   r a t i o  i s  shown 
g r a p h i c a l l y  f o r  T a s k s  A ,  C y  and D i n   F i E u r e  9 .  Rec tan ru la r   boxes  
about  each d a t u m   p o i n t   i n d i c a t e  - +1 s t a n d a r d   d e v i a t i o n   o f   b o t h  t h e  
e r r o r   s c o r e   a n d  t h e  n o i s e / s i p n a l  r a t i o .  (The r e s u l t s  o f  T a s k  B are  
no t  shown i n  t h i s  f i g u r e   s i n c e  t h e y  a lmos t   co inc ide  w i t h   t h e  re- 
s u l t s   o f  Task  C . )  The t h e o r e t i c a l   c u r v e s   o f   F i g u r e  4 are  superim- 
posed  on t h e  e x p e r i m e n t a l   r e s u l t s .  

P i p u r e  9 shows t h a t  t h e  n o i s e / s i p n a l   r a t i o   i n c r e a s e s   a l m o s t  
l i n e a r l y  w i t h  dec is ion   per formance ,   ranging   f rom - 2 0 . 0  dB for 
T a s k  A t o  -15.6 d B  f o r  Task  D .  S i n c e  t h e  r a t i o s   i n f e r r e d   f o r  
T a s k s  A ,  B ,  and C l i e  wi th in   one   s t anda rd   dev ia t ion   o f   one   ano the r ,  
we c a n n o t   a s c r i b e   a n y   s t a t i s t i c a l   s i g n i f i c a n c e   t o  these d i f f e r e n c e s .  
The n o i s e / s i g n a l   r a t i o s   a s s o c i a t e d  w i t h  T a s k s  A and I?, however, . 

d i f f e r  by about  two s t a n d a r d   d e v i a t i o n s ;  t h i s  d i f f e r e n c e  i s  t o o  
larpe t o  dismiss s i m p l y  as e x p e r i m e n t a l   v a r i a b i l i t y .  

O v e r a l l ,  we conclude  on t h e  basis of t h i s  experiment  t h a t  t h e  

model f o r  d e c i s i o n - m a k i n g   d e s c r i b e d   i n  t h i s  r e p o r t  has good  predic-  
t i v e  c a p a b i l i t y  w i t h  respect  t o  t h e  c l a s s  o f  d e c i s i o n  tasks  e x p l o r e d .  
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TABLE 2 

EFFECT OF TASK  PARAMETERS ON DECISION 
ERROR AND INFERRED  NOISE/SIGNAL R A T I O  

S u b j e c t  Task D Task  C Task B Task A 

D e c i s i o n   E r r o r  

DB 

MH 

WK 

DM 

Me an 

S t d .  Dev. 

DB 

MH 

WK 

DM 

Mean 

,142 

.114 

.lo8 

.ogo 

.114 

.0108 

.I48 

.123 

,168  

.126 

.14 1 

,0105 

.172 

.125 

.15  1 

.I37 

, 146  

.o 101 

Rat io :   (Fa l se   A la rm  Ra te ) / (P i s s  Rate) 

3.9 

1.7 

2.2 

1.6 

2.2 

3.1 

1 . 5  

1.8 

1.6 

1.9 

2.1 

1.8 

2.4 

2.2 

2.1 

In fe r r ed   No i se /S igna l   Ra t io   (dB)  

Mean I 2.5 

-20.0 -19.0 

S t d .  Dev. I 2.5 

Average of 3 t r i a l s / s u b   j e c t  . 

-18.6 

1.7 

,225 

.212 

199 

193 

.207 

. 0 0 7 1  

3.2 

1 . 3  

2.2 

1.9 

2.0 

-15.6 

2.2 
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U s i n g   f i x e d   v a l u e s   f o r  human time delay a n d   n o i s e / s i g n a l   r a t i o ,  
we have  been able to p r e d i c t   d e c i s i o n   s c o r e s  to w i t h i n  11 p e r c e n t  
or bet te r .  At t h e  same time, we n o t e  t h a t  wide range  of n o i s e /  
s i g n a l   r a t i o s  i s  needed to match a l l  d e c i s i o n   s c o r e s  p e r f e c t l y .  
F a c t o r s   w h i c h   c o n t r i b u t e  to th i s  l a t t e r  r e s u l t  are d i s c u s s e d   i n  
Chapter  5.  

4 . 2  Multiple  Decision Tasks 

T h i s  experiment  was performed to v a l i d a t e   o u r  model f o r  task 
i n t e r f e r e n c e   i n  a dec i s ion -mak ing   con tex t .   Dec i s ion   e r ro r   s co res  
were o b t a i n e d   f o r  tasks per formed  s ing ly   and  two a t  a time, and 
the  d i f f e r e n c e   b e t w e e n  the.2-task and 1-task s c o r e s  was tes ted  
a g a i n s t  t h e  d i f f e r e n c e   p r e d i c t e d  by t he  model. 

4 . 2 . 1  ExDerimental  Procedures 
The s u b j e c t s  were provided  w i t h  two d e c i s i o n  tasks o f  the  t y p e  
i d e n t i f i e d  as Task A i n  Table 1. The s t a t i s t i c s   o f  t h e  l e f t -  
and   r igh t -hand tasks were n o m i n a l l y   i d e n t i c a l ,   b u t  t h e  two dis -  

p l a y  v a r i a b l e s  were l i n e a r l y   u n c o r r e l a t e d .  When two tasks were 
pe r fo rmed   concur ren t ly ,  the  s u b j e c t s  were i n s t r u c t e d  to minimize 
the  sum o f  t he  d e c i s i o n   e r r o r s   a s s o c i a t e d  w i t h  each  component 
task.  The same f o u r   s u b j e c t s  who pa r t i c ipa t ed  i n  the  s i n p l e - t a s k  
exper iment  were used i n  t h i s  s t u d y .  

* 

After h a v i n g   b e e n   t r a i n e d  to a n   a p p a r e n t   a s y m p t o t i c   l e v e l   o f  
performance  on t h e  t w o - t a s k   s i t u a t i o n ,  each sub jec t   pe r fo rmed  
f o u r  data s e s s i o n s .   E a c h   s e s s i o n   c o n s i s t e d  of three t r ia l s :  

7"- - 
We o r i g i n a l l y  had i n t e n d e d  to vary t h e  r e l a t i v e   d i f f i c u l t y   o f  
t h e  l e f t -  and   r igh t -hand tasks i n   a n  attempt t o  manipula te  t h e  
s u b j e c t s '   d i v i s i o n   o f   a t t e n t i o n .   P r e - e x p e r i m e n t a l  model a n a l y s i s  
revea led ,   however ,  t ha t  o v e r a l l   d e c i s i o n   p e r f o r m a n c e   w o u l d  be 
r e l a t i v e l y   i n s e n s i t i v e  to a t t e n t i o n ,   e v e n  when t h e  component de- 
c i s i o n  tasks d i f f e r e d  c o n s i d e r a b l y .  (See t h e  a n a l y s i s   p r e s e n t e d  
i n   S e c t i o n   3 . 4 . 2 . )   H e n c e ,  we decided a g a i n s t   u s i n g  task d i f f i -  
c u l t y  as a n   e x p e r i m e n t a l   v a r i a b l e .  
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( a )  a s i n g l e   t a s k   f o r   t h e  l e f t  hand,  ( b )  a s i n g l e   t a s k   f o r  t h e  
r i g h t   h a n d ,   a n d   ( c )  l e f t -  a n d   r i g h t - h a n d   t a s k s   t o p e t h e r .  

4.2.2 Principal R e s u l t s  
A v e r a g e   d e c i s i o n   e r r o r   s c o r e s  are shown i n  Table 3 f o r   e a c h  sub-  
j e c t  f o r   e a c h   t a s k   c o n d i t i o n .   A l s o  shown are t h e   s c o r e s   a v e r a g e d  
o v e r   t h e  l e f t  a n d   r i g h t   t a s k s   a l o n g  w i t h  t h e   a v e r a g e   d i f f e r e n c e s  
be tween   2 - t a sk   and   1 - t a sk   s co res .   Average   dec i s ion   e r ro r   i nc reased  
from 0.110 t o  0.130 - a n   i n c r e a s e   o f   a b o u t   1 8 %  - as t h e  second 
t a s k  was added. A t - test  showed t h i s   d i f f e r e n c e  to b e  s i p n i f i c a n t  
a t  t h e  0.001 l e v e l .  

TABLE 3 

EFFECT OF NUMBER OF TASKS ON DECISION ERROR 
INFERRED  NOISE/SIGMAL R A T I O  

Average 
L e f t   T a s k  Left  and   Right  Tasks  Right   Task 

S u b j e c t  1-Taskl2-TasklDifference 1-Taskl2-Task 1-Taskl2-Task 

D e c i s i o n   E r r o r  

DB 

MH 

WK 

DM 

Average 

Std. Dev. 

.134 .160 

.112  .131 

.115 .138 

.Og8 .117 

.115 . I 3 6  

.0074 . O O g O  

.124 .137 

.Og6 . 1 1 4  

. l o 4  .123 

,094 .118 

. l o 4  , 123  

.0068 .ob50 

Average  of 3 t r i a l s / s u b j e c t  
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If our   mode l   fo r  task i n t e r f e r e n c e  i s  v a l i d   i n  t h i s  d e c i s i o n  
c o n t e x t ,   t h e n  the  o b s e r v e d   i n c r e m e n t   i n   d e c i s i o n   s c o r e   ( a v e r a E e d  
a c r o s s   t h e  two tasks) should   cor respond t o  a doub l ing  o f  the  sub- 
j ec t s '  n o i s e / s i g n a l   r a t i o   ( a g a i n ; a v e r a g e d   a c r o s s  t h e  two tasks).  
I n   o r d e r  t o  o b t a i n  a t h e o r e t i c a l   p r e d i c t i o n   f o r  2- task performance,  
we must refer  t o  t h e  t h e o r e t i c a l   c u r v e   o f   F i g u r e  C-1. From t h i s  

curve  we a s s o c i a t e  a n o i s e / s i g n a l   r a t i o  of -20.8 dB wi th  the ave r -  
age 1-task s c o r e   o f  0 .110 .  Taking t h i s  p o i n t  as a r e f e r e n c e ,  we 
d e r i v e  t he  curve  shown i n  Figure 10 which relates t h e  pred ic ted  
i n c r e m e n t   i n   d e c i s i o n   e r r o r  t o  i n c r e m e n t s   i n   n o i s e / s i F n a l   r a t i o  
( a l t e r n a t i v e l y ,   t o   d e c r e m e n t s   i n   " a t t e n t i o n " ) .  The curve  shown 

i n  t h e  f i g u r e ,   t h e n ,  i s  a segment of  t h e  t h e o r e t i c a l   c u r v e  Of 

F i g u r e  C-1. 

The i n c r e m e n t s   i n   d e c i s i o n   e r r o r   a n d   i n f e r r e d   n o i s e / s i g n a l  
r a t i o  tha t  we o b t a i n e d   e x p e r i m e n t a l l y  are shown i n   F i g u r e  1 0  f o r  
comparison wi th  the t h e o r e t i c a l   c u r v e .  The r a n g e   o f   d e c i s i o n  
e r r o r  a n d   n o i s e / s i g n a l   r a t i o   c o r r e s p o n d i n g  t o  - +1 estimated s t and-  
ard d e v i a t i o n  are also i n d i c a t e d .  The i n c r e a s e   o f  0 .020  i n   d e c i -  
s i o n   e r r o r s   s c o r e  that  we measured  corresponds t o  an   i nc remen t  of 
3.3 dB i n  t h e  i n f e r r e d   n o i s e / s i g n a l   r a t i o .  Th i s  i n c r e a s e  i s  with- 

i n  o n e   s t a n d a r d   d e v i a t i o n  o f  t h e  3 dB increment  p red ic ted  by o u r  
model f o r  task i n t e r f e r e n c e .  S i m i l a r l y ,  t h e  assumption  of  a 3 dB 
i n c r e m e n t   i n   n o i s e / s i g n a l   r a t i o  leads t o  a p r e d i c t e d   i n c r e a s e   i n  
e r r o r   s c o r e   o f  0.018. A t - t e s t  o f  t h e  ave rage  2- task ,  1-task d i f -  

f e r e n c e   s c o r e s  shows that  t h i s  p r e d i c t i o n  i s  n o t   s i g n i f i c a n t l y  
d i f f e r e n t  from the  measured   increase   o f  0 .020.  On the  basis of 
t h i s  very  good  agreement  between  theory  and  experiment,  we con- 
c l u d e   t e n t a t i v e l y  t ha t  our   model   for  task i n t e r f e r e n c e  i s  a p p l i c -  
able t o  t he  t y p e  o f  d e c i s i o n  task e x p l o r e d   i n  t h i s  s t u d y .  
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4.3  Simultaneous  Control  a n d  Decision-Making 

The exper iment   descr ibed   above   conf i rmed that  t h e  model f o r  
task i n t e r f e r e n c e ,   w h i c h   h a d   b e e n   v a l i d a t e d   p r e v i o u s l y   i n   m u l t i -  
v a r i a b l e   c o n t r o l   s i t u a t i o n s ,   c o u l d   a l s o  b e  app l i ed  s u c c e s s f u l l y  
t o   m u l t i - t a s k   d e c i s i o n   s i t u a t i o n s .  The t h i r d  and f i n a l   e x p e r i m e n t  
was conducted to de te rmine  whether t h i s  same model  would  account 
f o r   i n t e r f e r e n c e   b e t w e e n  a d e c i s i o n  task and a c o n t i n u o u s   c o n t r o l  
task pe r fo rmed   concur ren t ly .  

4 .3 .1   Experimental  - Procedures  
The s u b j e c t s  were p r e s e n t e d  w i t h  two tasks to b e  performed  concur-  
r e n t l y :  a d e c i s i o n  task (Task A ,  as d e s c r i b e d   p r e v i o u s l y ) ,   a n d  a 
con t inuous   manua l   con t ro l  task.  The l a t t e r  was a compensatory 
K/s t r a c k i n g  task o f  t h e  t y p e   u s e d   i n   p r e v i o u s   s t u d i e s .  The d i s -  

p l a y   f o r n a t  shown i n   F i g u r e  2 was used ,  w i t h  t h e  d e c i s i o n   v a r i a b l e  
displayed on t h e  l e f t  a n d   t r a c k i n g   e r r o r  d i s p l a y e d  on t h e  r i g h t .  

D i s p l a y / r e s p o n s e   c o m p a t i b i l i t y  was ma in ta ined .  The pr imary  t r a c k -  
ing   per formance   measure  was m e a n - s q u a r e d   t r a c k i n E   e r r o r ;   d e c i s i o n  
performance was measured i n  terms o f   d e c i s i o n   e r r o r ,  as d e f i n e d  
e a r l i e r  i n  t h i s  c h a p t e r .  

A diagram o f  the  t r a c k i n p  task i s  P i v e n   i n   F i g u r e  11. A l l  

p a i n s   i n  t h i s  diagram are g iven  i n  terms of  u n i t s  that  cor respond 
t o   s e t t i n g s   o f   a n a l o p :   c o n p u t e r   e l e m e n t s .  S i m i l a r l y ,  a l l  mean- 
s q u a r e d   s i g n a l   s c o r e s   t a b u l a t e d   i n  t h i s  r e p o r t  are i n  terms o f  
a n a l o g   r e a d i n g s .   C o n v e r s i o n s   f a c t o r s  are p r o v i d e d   i n  T'able 4 s o  
that  t h e  reader may conve r t  these s c o r e s  to p s y c h o p h y s i c a l   u n i t s .  

The i n p u t   f o r c i n g   f u n c t i o n  was c o n s t r u c t e d   o f  13 s i n u s o i d s  
to resemble a f i r s t - o r d e r   n o i s e   s p e c t r u m  w i t h  a c r i t i c a l   f r e q u e n c y  
at 2 rad/sec.   (See  Appendix A o f   Re fe rence  9 f o r   a d d i t i o n a l  
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TABLE 4 

CONVERSION  FACTORS  FOR  MEAN-SQUARED  SIGNAL  SCORES 

Score  

2 
'e 

2 
a;! 

2 

To Convert  From 
Exper imen ta l   Un i t s ,  
Mul t ip ly  by 

1.2 x 103 
~~~ 

(millirad v i s u a l   a r c )  2 

( m i l l i r a d / s e c   v i s u a l  
a r c )  
newtons 

2 
2 

deta i l s  on t h e  i n p u t .  ) I n  t he  absence  o f  c o n t r o l   a c t i v i t y ,  t he  
i n p u t   s i g n a l   r e p r e s e n t e d   a n  rms v e l o c i t y   d i s t u r b a n c e   o f   a p p r o x i -  
ma te ly  3.7 d e g r e e s / s e c o n d   o f   v i s u a l  arc.  The c o n t r o l   g a i n  was 
such  that  1 newton  of   force   impar ted  a v e l o c i t y   o f  4 .6  a r c - d e p e e s  
pe r   s econd  to t h e  e r r o r   s i g n a l .  

The s u b j e c t s '   i n s t r u c t i o n s  were to m i n i m i z e   d e c i s i o n   e r r o r  
(DE) when per forming  the  d e c i s i o n  task a l o n e ,   t o   m i n i m i z e  mean- 
s q u a r e d   t r a c k i n g   e r r o r  (a,) when pe r fo rming  t h e  t r a c k i n p  task 
a lone ,   and  to minimize a weighted  sum o f   d e c i s i o n   e r r o r  and mean- 
s q u a r e d   t r a c k i n g   e r r o r  when per forming  t h e  two tasks c o n c u r r e n t l y .  
The o v e r a l l   p e r f o r m a n c e   m e a s u r e   f o r  the  t w o - t a s k   s i t u a t i o n  was 
d e f i n e d  as J = a: + 3 DE. The s u b j e c t s  were n o t   i n s t r u c t e d  as 
t o  how t o  a p p o r t i o n  t h e i r  t o t a l   s c o r e  among the component s c o r e s .  
A d d i t i o n a l  de ta i l s  on t h e  t r a i n i n g   p r o c e d u r e  may be  found i n  
Appendix A.  Three of t h e  s u b j e c t s  who had p a r t i c i p a t e d   i n  the  
previous   exper iments  were n o t   a v a i l a b l e   f o r  t h i s  experiment  and 
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were r e p l a c e d  by t h ree  new s u b j e c t s .  The newcomers were famili- 
a r i z e d  w i t h  the s i n g l e - t a s k   d e c i s i o n   s i t u a t i o n ,   a n d  a l l  four   sub-  
jects  were traired to apparent   asymptot ic   per formance   on  t h e  
t r a c k i n g  task anS  on t h e  combined   dec is ion-p lus- t rackinE task.  
D a t a - t a k i n g   c o n s i s t e d   o f  a t  l eas t  th ree  s e s s i o n s   o f  three t r i a l s  
each  as d e s c r i b e d   f o r  t he  p rev ious   expe r imen t .  

4.3.2 Principal  Results 
B e c a u s e   s u b j e c t - t o - s u b j e c t   v a r i a b i l i t y  was q u i t e  h igh  i n  t h i s  

exper iment ,  we have   no t   ave raeed  t h e  pe r fo rmance   s co res   ac ross  
s u b j e c t s .   I n s t e a d ,  w e  examine t h e  average  performance  of   each 
s u b j e c t  separately.  

Performance  measures are shown f o r   e a c h   s u b j e c t ' s   d e c i s i o n  
e r r o r ,   t r a c k i n g   e r r o r ,   a n d   t o t a l   p e r f o r m a n c e   s c o r e  i n  F l p u r e  1 2 .  
One-task  and  two-task  performance  measures are compared. The 

1-task to t a l   pe r fo rmance   measu re  i s  d e f i n e d  as t h e  sum o f  t h e  mean- 
s q u a r e d   t r a c k i n g   e r r o r   o b t a i n e d  when t r a c k i n g  was per formed  a lone ,  
p l u s  three times t h e  d e c i s i o n   e r r o r  t h a t  was o b t a i n e d  when t h e  
d e c i s i o n  task was pe r fo rmed   a lone .  T h i s  measure i s  t h e  t o t a l  
s c o r e  that  w e  w o u l d   p r e d i c t   f o r  t h e  2- task s i t u a t i o n  i f  we were 
to assume  no i n t e r f e r e n c e .  Means a n d   s t a n d a r d   d e v i a t i o n s   f o r  a l l  
per formance   measures   ( inc luding   mean-squared   e r ror  rate and  con- 
t r o l   f o r c e )  are g i v e n   i n  T a b l e  5.  

A l l  of the  2- task ,  1 - t a s k  d i f f e r e n c e s  are i n  t h e  expec ted  
d i r e c t i o n .  That  i s ,  each   subgec t  y i e l d e d  h i g h e r  performance 
s c o r e s   i n   t h e  2-task s i t u a t i o n   t h a n   i n  t h e  1-task s l t u a t i o n .  
T h i s  was t r u e   n o t   o n l y   f o r  the  t o t a l   p e r f o r m a n c e   m e a s u r e   b u t   a l s o  
f o r  t h e  component s c o r e s  as well ( i n c l u d i n g   e r r o r - r a t e   a n d   c o n -  
t r o l   s c o r e s ) .  The magnitude of these d i f f e r e n c e s ,   h o w e v e r ,   v a r i e d  
q u i t e  a b i t  f rom  sub jec t - to - sub jec t .  The f r a c t i o n a l   i n c r e a s e   i n  
t o t a l   pe r fo rmance   s co re   r aneed   f rom  abou t  5% ( s u b j e c t  WK) t o   a b o u t  
45% ( s u b j e c t )  W R ) .  The r ema in ing   two   sub jec t s  ( K C  R H H )  e x h i b i t e d  
approximate ly  a 15% i n c r e a s e   i n   t o t a l   s c o r e  

5 4  
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TABLE 5 

AVERAGE  PERFORMANCE  SCORES FOR DECISION AND TRACKING 

Scope 2-Task 1-Task 
Mean S.D. Me an S . D .  

a )  SUBJECT KC 

DE 

3. DE 

U2 e 

0. 2 
e 

2 U 
U 

o2 + 3.DE e 

DE 

3*DE 

2 
e 
2 

U 

% 

Uu 
2 

a2 + 3.DE e 

.111 

333 

.150 

5.25 

.288 

.483 

.125 

- 375 

.178 

5.14 

.284 

-553  

.003 

.oog  

.006 

.192 

. 0 1 0  

.026 

b )  SUBJECT HH 

.004 

.012 

.006 

- 336 

.014 

. 0 12  

,123  .008 

-369 .024 

.186 .003 

6 . 1 4  .270 

.309 .011 

555 .009 

.143 .007 

.429  ,021 

.202  .005 

6.60  .240 

-336  .087 

. 6 3 1  .024 



TABLE 5 (Con t . )  

Scope 2-Task 1-Task 
Mean S.D. Me an S.D. 

c )  SUBJECT MK 

DE 

3-DE 

2 
e 

6. 2 e 
2 

0 

OU 

a2 + 3-DE e 

DE 

3*DE 

2 
'e 
2 

2 

0: + 3.DE 

.142 

.426 

.251 

4.70 

.244 

677 

.200 

.600 

.266 

5-30 

.267 

.866 

.002 

.007 

.006 

.180 

.oog 

.010 

d )  SUBJECT WR 

.006 

.01g 

. 0 1 5  

.096 

.008 

.015 

.149 .003 

.447 .008 

.264 . o n  

6.48 .189 

313 .021 

.7 11 .012 

.311 .026 

0933 .078 

.3 12 .024 

6.52 .480 

.324  .020 

1.25 .096 

SD = Estimated s t a n d a r d   d e v i a t i o n   o f  the  mean 
Average of 4 t r i a l s / s u b j e c t   f o r   s u b j e c t s  K C ,  HH,  and WK 

Average  of 3 t r ia l s  f o r   s u b j e c t  WR 
Track ing   pe r fo rmance   s co res   i n   ana log -mach ine   un i t s  
A l l  s c o r e s   i n   e x p e r i m e n t a l   u n i t s  



The data o b t a i n e d   f r o m   s u b j e c t s  WK and WR were c o n s i d e r e d  
u n s u i t a b l e   f o r   p r o v i d i n g  a meaningful  t e s t  of  t h e  model f o r  task 
i n t e r f e r e n c e ,   a n d  no f u r t h e r   a n a l y s i s  was performed  on these re- 
s u l t s .  WR's r e s u l t s  were omi t ted   because   o f  t h e  a t y p i c a l  per- 
formance  of t h i s  s u b j e c t  on t h e  d e c i s i o n   t a s k .   F i g u r e   1 2 a  shows 
tha t  h i s  2-task d e c i s i o n   s c o r e  was f u l l y   t w i c e  tha t  of   any   o ther  
s u b j e c t ,   a n d  h i s  1-task d e c i s i o n   s c o r e  was a p p r e c i a b l y  iarger 
t h a n  that  shown by any  of t he  o t h e r   s i x   s u b j e c t s  who p a r t i c i p a t e d  
i n  t h i s  exper imenta l   p rogram.  ( H i s  1-task s c o r e   o f  0 .20  c o r r e -  
sponded t o   a n   u n r e a s o n a b l y  large n o i s e / s i g n a l   r a t i o   a b o u t  -11 d B . )  

The data f r o m   s u b j e c t  WK were a l s o   o m i t t e d   f r o m   f u r t h e r   c o n -  
s idera t ion   because   o f   anomolous   per formance   on  t h e  d e c i s i o n  task.  
I n   p a r t i c u l a r ,  t h i s  s u b j e c t ' s  1-task s c o r e  was n o t   s e l f - c o n s i s t e n t .  
Table  2 r e v e a l s  tha t  he  achieved  a d e c i s i o n   e r r o r   s c o r e   o f   a b o u t  
0 . 1 1  on t h i s  task i n  t h e  f i r s t  e x p e r i m e n t :   t h i s   s c o r e   r o s e   t o  0 . 1 4  
i n  t h i s  ( t h e  t h i r d )  exper iment ,   even  wi th  t h e  b e n e f i t  of a d d i t i o n a l  
p r a c t i c e   o n  t h e  1-task d e c i s i o n   s i t u a t i o n .   T h u s ,  we do  not  know 
whether the  very low l e v e l   o f  task i n t e r f e r e n c e   r e v e a l e d  by t h i s  
s u b j e c t ' s   p e r f o r m a n c e  i s  a m e a n i n p f u l   r e s u l t ,   o r  whether  i t  i n d i -  
cates that the  s u b j e c t  was n o t   w o r k i n p   t o   f u l l   c a p a c i , t y  when pe r -  
forming  the  d e c i s i o n  task a l o n e .  The anomolous  behavior  of sub- 
j e c t s  WK and WR i s  d i s c u s s e d   f u r t h e r   i n   C h a p t e r  5 .  

The model f o r   s i m u l t a n e o u s   t r a c k i n g   a n d   d e c i s i o n   p e r f o r m a n c e  
was t e s t ed  a g a i n s t  t h e  data ob ta ined   f rom  sub jec t s  KC and HH.  
The f i r s t  s tep  i n  t h i s  p rocedure  was t o   s e l e c t  model  parameters 
t o  match the 1-task dec i s ion   and   t r ack ing   pe r fo rmance   o f   each   sub -  
j ec t .   Dec i s ion   pe r fo rmance  was matched by u s i n p  t h e  curve   o f  
F i g u r e  C - 1  t o   f i n d  t h e  n o i s e / s i p n a l   r a t i o s  t h a t  c o r r e s p o n d e d   t o  
t h e  d e c i s i o n   e r r o r   s c o r e s .  S i m i l a r l y ,  n o i s e / s i g n a l   r a t i o s  were 
chosen t o   p r o v i d e   p e r f e c t   m a t c h e s   t o  t h e  1-task mean-squared 



t r a c k i n g   e r r o r  scores.  V a l u e s   f o r  the  time de lay  and  motor   noise  
parameters were s e l e c t e d  on t h e  basis o f   p rev ious   manua l   con t ro l  
s t u d i e s  (Refs. 6-10) ,  and a lag  time c o n s t a n t  was selected to 
match the  1-task e r r o r - r a t e   a n d   c o n t r o l   s c o r e s  t o  w i t h i n  1 0  per- 
cen t .   Numer ica l   va lues   fo r  these pa rame te r s  are g i v e n   i n   F i g u r e  
13. T h i s  f i g u r e   a l s o  shows t h e  t h e o r e t i c a l   r e l a t i o n s h i p   b e t w e e n  
the   va r ious   t r ack ing   pe r fo rmance   measu res   and  t h e  n o i s e / s i g n a l  
ra t io .   Super imposed   on  these cu rves  are the  averap,e  1-task 
s c o r e s   f o r   s u b j e c t s  KC and HH. 

8 

Tab le  6 shows t h e  n o i s e / s i g n a l   r a t i o s  t ha t  were a s s o c i a t e d  
wi th  1-task d e c i s i o n   a n d   t r a c k i n g   p e r f o r m a n c e .  These r a t i o s  were 
c o n s i d e r e d  t o  r e p r e s e n t   " f u l l   a t t e n t i o n " ,   a n d   t h e o r e t i c a l   c u r v e s  
o f  task p e r f o r m a n c e   v e r s u s   a t t e n t i o n  were o b t a i n e d   a c c o r d i n g  t o  
t he  p r o c e d u r e   d e s c r i b e d   i n   S e c t i o n   3 . 4 . 2 .  A l l  model parameters 
o t h e r   t h a n   n o i s e / s i g n a l   r a t i o  were he ld  f i x e d   f o r  t h i s  a n a l y s i s .  

TPRLE 6 

MOISE/SIGNAL RATIOS CORRESPONDING TO "FULL ATTENTION" 

Track ing  I -22.8  1-20.8 

F i g u r e  1 4  shows t h e  p r e d i c t e d  2-task p e r f o r m a n c e   s c o r e s   f o r  
combined d e c i s i o n   a n d   t r a c k i n g   f o r   s u b j e c t s  KC and HH.  T o t a l  

P "- 
The t h e o r e t i c a l   r e l a t i o n   b e t w e e n   m e a n - s q u a r e d   t r a c k i n g   e r r o r   a n d  
n o i s e / s i g n a l   r a t i o  i s  shown  on  an  expanded  scale i n   F i g u r e  C-5 
of  Appendix C.  I n  t h i s  appendix we d i s c u s s  more f u l l y   o u r   s e l e c -  
t i o n   o f   v a l u e s   f o r  model parameters. 
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p e r f o r m a n c e ,   t r a c k i n g   e r r o r ,   a n d  weighted d e c i s i o n   e r r o r   s c o r e s  
are shown as a f u n c t i o n  of t h e  f r a c t i o n   o f   a t t e n t i o n  pa id  t o  t h e  
t r a c k i n g  task.  From t h i s  f i g u r e  w e  p r e d i c t  tha t  e a c h   s u b j e c t  
shou ld   devo te   abou t  half h i s  a t t e n t i o n   t o  each task f o r   o p t i m a l  
performance.  We note ,   however ,  tha t  t o t a l   p e r f o r m a n c e  i s  rela- 
t i v e l y   i n s e n s i t i v e  to a t t e n t i o n   i n  t h e  v i c i n i t y   o f  t h i s  t h e o r e t i c a l  
optimum. 

Superimposed  on t h e  t h e o r e t i c a l   c u r v e s   i n   F i g u r e  1 4  are  t h e  

t h e o r e t i c a l  2-task performance  scores   which  correspond to no i n -  
t e r f e r e n c e   a n d  to f u l l   i n t e r f e r e n c e .  Also  shown are t h e  2 - t a sk  
s c o r e s  tha t  were o b t a i n e d   e x p e r i m e n t a l l y .  The "no i n t e r f e r e n c e "  
t h e o r e t i c a l   s c o r e s  are s imply t h e  s c o r e s   o b t a i n e d   i n  t h e  1-task 
exper iments .  (The n o - i n t e r f e r e n c e   t o t a l   s c o r e  i s  the  weiphted 
sum o f  t h e  1-task t r a c k i n g   a n d   d e c i s i o n   e r r o r   s c o r e s . )  The " f u l l  
i n t e r f e r e n c e ' '   s c o r e s  are the  o n e s   p r e d i c t e d  b y  our model f o r  t a sk  
i n t e r f e r e n c e .  These s c o r e s  are obta ined   f rom t h e  t h e o r e t i c a l  
c u r v e s   o f   F i g u r e  1 4  f o r  a 50% a l l o c a t i o n   o f   a t t e n t i o n  to t h e  t r a c k -  
i n g  task (which i s  the a l l o c a t i o n   o f   a t t e n t i o n  t h a t  y i e l d s  t h e  
l o w e s t   p r e d i c t e d   t o t a l   s c o r e ) .  

Both s u b j e c t s   a c h i e v e d  2-task t o t a l   s c o r e s  tha t  f e l l  between 
the t h e o r e t i c a l   s c o r e s   a s s o c i a t e d  w i t h  no   i n t e r f e rence   and  w i t h  
f u l l   i n t e r f e r e n c e .   T h u s ,  the  mutua l   i n t e r f e rence   be tween  t h e  
t r a c k i n g   a n d   d e c i s i o n  tasks was n o t  as s e v e r e  as was p r e d i c t e d  by  
t h e  model. Whether or n o t  t h e  measured 2 - t a s k  s c o r e s   d i f f e r  s ip -  
n i f i c a n t l y   i n  a s t a t i s t i c a l   s e n s e   f r o m  e i t h e r  of  the  t h e o r e t i c a l  
s c o r e s  i s  q u e s t i o n a b l e .  T-tests performed  on t h e  data from e i t h e r  
s u b j e c t   a l o n e   d o   n o t   r e v e a l   d i f f e r e n c e s   s i g n i f i c a n t  a t  t h e  0 .05  
l e v e l .  On t h e  o t h e r   h a n d ,   s t a t i s t i c a l   s i g n i f i c a n c e  i s  ob ta ined  
i f  w e  p o o l  t h e  data of  these two s u b j e c t s  ( that  i s ,  i f  we t rea t  
t h e  data as e i g h t  r e p l i c a t i o n s   o b t a i n e d   f r o n  a s i n g l e   s u b , l e c t ) .  
T-tests t h e n  show tha t  t h e  averaRe 2-task t o t a l   p e r f o r m a n c e   s c o r e  
d i f f e r s  from the  a v e r a g e   n o - i n t e r f e r e n c e   s c o r e  a t  t h e  0 . 0 1  l e v e l  
and  from t h e  a v e r a g e   f u l l - i n t e r f e r e n c e   s c o r e  a t  t h e  0 . 0 5  l e v e l .  
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Since  we have re l iab le  r e s u l t s   f r o m   o n l y  two s u b j e c t s ,  we 
cannot  claim w i t h  a h i g h  degree o f  a s su rance  that  our   model   for  
i n t e r f e r e n c e  e i the r  does   o r   does   no t  app ly  t o  the combined deci- 
s i o n   a n d   c o n t r o l   s i t u a t i o n .  There appears l i t t l e  q u e s t i o n  that  
i n t e r f e r e n c e   d o e s   o c c u r :  a l l  f o u r   s u b j e c t s  y i e l d e d  h i g h e r   t o t a l  
and  component s c o r e s   i n  t h e  2- task s i t u a t i o n .  The degree  o f   i n -  
t e r f e r e n c e   r e m a i n s   i n   q u e s t i o n .   A c c o r d i n p l y ,  we must  conclude 
a t  th i s  s tage  that  t h e  model which  we have  proposed f o r  combined 
dec is ion-making   and   cont ro l   shows  promise ,   and  t ha t  a c o n c l u s i v e  
set  of   exper iments   remains  t o  be  conducted.  

We s u s p e c t  t ha t  the i n a b i l i t y  t o  o b t a i n  r e l i a b l e ,  c o n c l u s i v e  
data i n  t h i s  t h i r d  experiment  was d u e ,   i n  pa r t ,  t o  t h e  a p p a r e n t  
i n s e n s i t i v i t y  o f  the  t o t a l   p e r f o r m a n c e   s c o r e  t o  a t t e n t i o n .   N o t e  
that we can p red ic t  t h e  combined-task  performance  score to w i t h i n  
15 p e r c e n t  w i th  e i t h e r  the  f u l l - i n t e r f e r e n c e   o r   n o - i n t e r f e r e n c e  
c o n c e p t   i n c o r p o r a t e d   i n t o  t h e  mode l .   I n   o rde r  to o b t a i n  a more 
c o n c l u s i v e  s e t  o f   r e s u l t s ,  a task shou ld  b e  explored  which i s  
more s e n s i t i v e  t o  a t t e n t i o n  ( i . e . ,  more s e n s i t i v e  to t h e  n o i s e /  
s i g n a l  parameter o f  the  model).  The p r o b l e m   o f   i n s e n s i t i v i t y  t o  
n o i s e / s i g n a l   r a t i o  i s  d i s c u s s e d  more f u l l y   i n  Chapter  5 ,  and i n  
Chapter 6 we sugges t   an   expe r imen t  which may largely avo id  th i s  
p a r t i c u l a r  drawback. 



5. DISCUSSION O F  RESULTS 

Agreement   between  theory  and  experiment  was q u i t e  good f o r  
t h e  s i t u a t i o n s   i n v o l v i n g  only decis ion-making  tasks. D e c i s i o n  
e r r o r   s c o r e s  were p r e d i c t e d  t o  w i t h i n   a n   a c c u r a c y   o f   a b o u t   1 0  
p e r c e n t   i n   b o t h  1- and 2-task s i t u a t i o n s .  Agreement was less 
good f o r  t he  task o f   s imu l t aneous   dec i s ion -mak ing   and   con t inuous  
c o n t r o l ,  w i t h  p r e d i c t i o n   e r r o r s   o n  t h e  o r d e r   o f  1 5  p e r c e n t .  
Although t h e  d i f f e r e n c e s   b e t w e e n   p r e d i c t e d   a n d   m e a s u r e d   p e r f o r -  
mance s c o r e s  were n o t   l a r g e   i n   a n   a b s o l u t e   s e n s e ,  these d i f -  

f e r e n c e s   c a n n o t  be e n t i r e l y   a s c r i b e d  t o  " e x p e r i m e n t a l   v a r i a b i l i t y . "  

We s u s p e c t  t ha t  c e r t a i n   m e t h o d o l o g i c a l   p r o b l e m s   a s s o c i a t e d  
w i t h  t h e  e x p e r i m e n t a l   d e c i s i o n  task c o n t r i b u t e d  t o  t h e  d i s c r e -  
pancy   be tween  theory   and   exper iment .  These Droblems are 
d i s c u s s e d   b e l o w .   I n  t h e  s u b s e q u e n t   s e c t i o n   o f  t h i s  c h a p t e r ,  
w e  sugges t   two   r e f inemen t s   t o  t h e  model  which m i g h t  improve 
t h e  p r e d i c t i v e   a c c u r a c y  o f  t h e  model.  

5.1 Methodological  Considerations 

I n   o r d e r   f o r   u s  t o  e x p l o r e  t h e  l i m i t a t i o n s   o f  human psycho- 
motor   performance,  we s h o u l d ,  i f  p o s s i b l e ,   u s e   a n   e x p e r i m e n t a l  
task which i s  des igned  t o  m o t i v a t e   t h e   s u b j e c t  t o  work t o  nea r -  
f u l l   c a p a c i t y .   M o r e o v e r ,  i f  t h e  e x p e r i m e n t a l   r e s u l t s  are  t o  be 
meaningfu l ,  the  task shou ld  b e  one   fo r   wh ich  t h e  s u b j e c t   c a n  
r e a d i l y  l e a r n  t h e  a p p r o p r i a t e   ( i . e . ,   o p t i m a l )   r e s p o n s e   s t r a t e g y .  
The p a r t i c u l a r   d e c i s i o n  task used i n  t h i s  s t u d y  was somewhat 
d e f i c i e n t   o n   b o t h   c o u n t s ,  as we s h a l l  show below. 
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If i t  were p o s s i b l e  t o  o b t a i n  a d e s c r i b i n g   f u n c t i o n   a n d  
r emnan t   spec t rum  fo r  t h e  h u m a n ' s   d e c i s i o n   s t r a t e g y ,  we could  
assess the  r e l a t i v e   i m p o r t a n c e   o f  the  m o t i v a t i o n a l   a n d   l e a r n i n g  
p r o b l e m s .   I n   t h e   s e n s e  t h a t  "mot iva t ion"  i s  re f lec ted  by t h e  
degree  t o  which the  human s u p p r e s s e s  h i s  i n t e r n a l   n o i s e ,   a n   i n -  
d i c a t i o n   o f   m o t i v a t i o n   c o u l d  be  o b t a i n e d  by a l i n e a r   t r a n s f o r m a -  
t i o n  of t h e  remnant  spectrum t o  a n   e q u i v a l e n t   o b s e r v a t i o n   n o i s e  
process .   Comparison of t h e o r e t i c a l   a n d   m e a s u r e d   d e s c r i b i n g  
func t ions   wou ld   r evea l  t h e  e x t e n t  to which t h e  subjec t  had 
l e a r n e d  the  o p t i m a l  strategy. U n f o r t u n a t e l y ,  the  i n t e r m i t t e n t  
n a t u r e   o f  t h e  s u b j e c t ' s   r e s p o n s e   p r e c l u d e s   a n y   s u c h   a n a l y s i s ;  
we c a n   o n l y   s p e c u l a t e  on the impor t ance   o f  these f a c t o r s .  

5 . 1 . 1  I n s e n s i t i v i t y  o f  Pe r fo rmance   t o   No i se /S igna l   Ra t io  
Perhaps t he  most   se r ious   d rawback   of  the  d e c i s i o n  task which we 
explored-at  least  w i t h  r e s p e c t  t o  t e s t i n g  the  model-las t he  
r e l a t i v e   i n s e n s i t i v i t y   o f   d e c i s i o n  e r r o r  t o  t he  human's  noise/  
s i g n a l   r a t i o .  T h i s  i n s e n s i t i v i t y  may be largely r e s p o n s i b l e   f o r  
t he  wide r ange  of n o i s e / s i g n a l   r a t i o s   n e e d e d  t o  match a l l  the 
s i n g l e - t a s k   d e c i s i o n   s c o r e s   p e r f e c t l y   ( F i g u r e  9 ) .  

The human a p p a r e n t l y  attempts t o  s u p p r e s s  h i s  i n t e r n a l  
n o i s e  t o  a g r e a t e r   e x t e n t  as the  s e n s i t i v i t y   o f   p e r f o r m a n c e  t o  
n o i s e / s i g n a l   r a t i o   i n c r e a s e s .   I n  a s t u d y  of  manua l   con t ro l  
performed  under   an ea r l i e r  NASA-ARC c o n t r a c t ,  we found tha t  o u r  
p i l o t s   a c h i e v e d   n o i s e / s i g n a l  ra t ios  on t h e  order  of -26 dB when 
t r ack ing   uns t ab le   s econd-o rde r   dynamics  (Ref. 9 ) .  Earlier s t u d i e s  
conducted w i t h  a v a r i e t y  o f  s table  control led-element   dynamics 
had r e v e a l e d   n o i s e / s i g n a l   l e v e l s  of about  -20 dB (Refs. 4-8). 
Model a n a l y s i s  showed tha t  t h e  s e n s i t i v i t y  o f  mean-squared 



t r a c k i n g   e r r o r  to n o i s e / s i g n a l  was c o n s i d e r a b l y   g r e a t e r   f o r  t h e  
u n s t a b l e   d y n a m i c s   t h a n   f o r  t h e  s t ab le  dynamics.   Thus,  the  sub- 
j e c t s  were a p p a r e n t l y   w i l l i n g  to o p e r a t e  a t  a n   u n u s u a l l y  low 
l ' e v e l   o f   i n t e r n a l   n o i s e  i f  the payoff was s u f f i c i e n t .  Jex and 
Magdeleno   have   repor ted  data which   suppor t  t h i s  c o n c l u s i o n  
(Ref. 15). 

The t h e o r e t i c a l   c u r v e s   o f   F i g u r e  4 show t h a t  t he  s e n s i t i v i t y  
o f   d e c i s i o n   e r r o r  w i t h  respect to t he  h u m a n ' s   n o i s e / s i g n a l   r a t i o  
d e c r e a s e s  as the  task d i f f i c u l t y   i n c r e a s e s .   F o r  a d o u b l i n g   o f  
t h e  n o i s e / s i g n a l   r a t i o   f r o m  -20 dB to -17 dB,  t h e  d e c i s i o n   e r r o r  
f o r   T a s k  A i n c r e a s e s   a b o u t  17 p e r c e n t ,  whereas a n   i n c r e a s e   o f  
on ly   abou t  5 p e r c e n t  i s  o b s e r v e d   f o r  Task D." (The same i n c r e a s e  
i n   n o i s e / s i g n a l   r a t i o   c o r r e s p o n d s  to a 4 4  p e r c e n t   i n c r e a s e   i n  
m e a n - s q u a r e d   e r r o r   f o r  t h e  K / s  t r a c k i n g  task u s e d   i n  t h i s  s t u d y . )  
Thus, i t  i s  e n t i r e l y   p o s s i b l e  that  t h e  s u b j e c t s  were i n s u f f i c i e n t l y  
mot iva ted  t o  m a i n t a i n  a -20 dB n o i s e / s i g n a l   r a t i o  when pe r fo rming  
Task D. 

Task- induced   mot iva t ion  may e x p l a i n ,   i n  par t ,  t h e  tendency 
of  t h e  s u b j e c t s  t o  per form b e t t e r  t h a n   p r e d i c t e d   i n  t h e  combined 
d e c i s i o n   a n d   c o n t r o l  task.  One simple e x p l a n a t i o n   o f  these re- 
s u l t s  i s  tha t  t h e  sub jec t s   "worked  harder" i n  t he  2- task  
s i t u a t i o n   i n  t h i s  p a r t i c u l a r   e x p e r i m e n t .  As a measure   o f  how 

*One would  expect  the  s e n s i t i v i t y   o f   d e c i s i o n   e r r o r  to the  
human 's   no ise  to d e c r e a s e  as t h e  amount o f   s i m u l a t e d   " i n s t r u -  
ment   noise"  i s  i n c r e a s e d .   S i n c e  t h e  e x p e r i m e n t a l l y  added 
n o i s e  was greatest  f o r   T a s k  D ,  t h e  p r o p o r t i o n   o f   t o t a l  s y s t e m  
n o i s e   a t t r i b u t a b l e  t o  t he  human was leas t .  Thus, a g i v e n  
p e r c e n t a g e   i n c r e a s e   i n  the h u m a n ' s   n o i s e   r e n r e s e n t e d  a rela- 
t i v e l y   l o w e r   p e r c e n t a g e   i n c r e a s e   i n   t o t a l  s y s t e m  n o i s e   f o r  
Task D t h a n   f o r  t h e  r e m a i n i n g   d e c i s i o n  tasks.  
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much harder t h e  subjec ts   worked ,  we can  compute t h e  amount o f  
a t t e n t i o n  t h a t  t h e  s u b j e c t s   d e v o t e d   t o   e a c h   o f  t h e  component 
t a s k s   i n   t h e  2-task s i t u a t i o n .   A t t e n t i o n  i s  d e f i n e d  as 

ATTN 

where P and P ( 2 )  are t h e  n o i s e / s i g n a l   r a t i o s   a s s o i c a t e d  w i t h  

t h e  1-task and 2-task pe r fo rmace   measu res ,   r e spec t ive ly .  The 

n o i s e / s i g n a l   r a t i o s ,   i n   t u r n ,  are der ived   f rom t h e  e r r o r   s c o r e s  
as d e s c r i b e d   p r e v i o u s l y .  

L e v e l s   o f   a t t e n t i o n   a s s o c i a t e d  w i t h  2-task performance are 
shown f o r   s u b j e c t s  KC and HH i n  Table 7.  The " t o t a l   a t t e n t i o n "  
l e v e l s   g i v e n   i n  t h i s  t a b l e  are s i m p l y  the  summations o f  t h e  

a t t e n t i o n   l e v e l s   a s s o c i a t e d  w i t h  t h e  component tasks.  Also 
shown i n  Table  7 are t h e  d e c i s i o n   e r r o r   a n d   t r a c k i n g   e r r o r  
s c o r e s ,   a l o n g  w i t h  the i n f e r r e d   n o i s e / s i g n a l   r a t i o n s ,  f o r  t h e  

1- and 2-task s i t u a t i o n s .  From t h i s  t ab l e  we observe  t h a t  we 
can   accoun t   fo r   combined   dec i s ion   and   t r ack ing   pe r fo rmance  i f  

we assume that s u b j e c t s  KC and HH i n c r e a s e d  t h e i r  " a t t e n t i o n a l  
c a p a c i t i e s "  by 2 1  percent   and  33 p e r c e n t g   r e s F e c t i v e l y   i n  the  
2- task  s i t u a t i o n .  

Now, we have  shown t h a t  humans t e n d  to lower  t h e i r  i n t e r n a l  
n o i s e   l e v e l s   ( w h i c h ,  we s u g g e s t ,  i s  e q u i v a l e n t  to i n c r e a s i n g  
t h e  l e v e l   o f   a t t e n t i o n )  as t h e  s e n s i t i v i t y   o f   p e r f o r m a n c e  to 
n o i s e / s i g n a l   r a t i o   i n c r e a s e s .   A c c o r d i n g l y ,  l e t  u s  compute t h e  

s e n s i t i v i t y   o f  t h e  t o t a l   d e c i s i o n - p l u s - p e r f o r m a n c e   s c o r e  w i t h  

r e s p e c t   t o   n o i s e / s i g n a l .   I n   o r d e r   t o   s i m p l i f y  t h e  computat ion,  
we sha l l  assume tha t  a 5 0 - p e r c e n t   d i v i s i o n   o f   a t t e n t i o n   b e t w e e n  
t h e  two  component tasks a l lows   near -opt imal   per formance .  (See 



TABLE 7 

PERFORMANCE  SCORES AND INFERRED  LEVELS 
OF ATTENTION FOR COMBINED DECISION A N D  CONTROL 

SUBJ 

Task Variable E 
cr 2e 

-22.8 Con t ro l  P(dB 1 
.150 

ATTN " 

DE 
-20.6 Decis ion  P(dB) 
.111 

ATTN " 

T o t a l  ATTN " 

2T KC 

2-task 

.186 
-20.5 

59 

.123 
-18.5 

. 6 2  

1 . 2 1  

SUBJ 

-20.8 
" 

.125 
-18.2 
" 

" 

ZCT HH 
7 

2-tas k 

,202 
-19.6 

.76 

.143 
-15.8 

57 

1 . 3 3  

the  t h e o r e t i c a l   c u r v e s   o f   F i g u r e  1 4 . )  Thus, a " f u l l  c a p a c i t y "  
n o i s e / s i g n a l   r a t i o   o f   - 2 0  dB f o r   t h e   d e c i s i o n   a n d   t r a c k i n g  
tasks p e r f o r m e d   s e p a r a t e l y   i m p l i e s   r a t i o s  o f  -17 d B  each   of  
t h e  two tasks when pe r fo rmed   concur ren t ly .  A doub l ing  o f  t h e  
f u l l - c a p a c i t y   n o i s e / s i g n z l   r a t i o  i s  r e p r e s e n t e d  by - 1 4  dB on 
each   t a sk .   Us ing   t he   cu rves   o f   F igu res  C - 1  and C - 5 ,  we f i n d  
t h a t  th i s  i n c r e a s e   i n   n o i s e / s i g n a l   r a t i o   c o r r e s p o n d s   t o  a n  
i n c r e a s e   i n   t o t a l   p e r f o r m a c e   s c o r e   o f   a b o u t  38 percent ,   where  
t o t a l   p e r f o r m a n c e  i s  d e f i n e d  as t h e   m e a n - s q u a r e d   t r a c k i n g   e r r o r  
p l u s  th ree  times t h e   d e c i s i o n   e r r o r .   T h i s   f r a c t i o n a l   i n c r e m e n t  
i n  per formance   score  i s  abou t   tw ice   t ha t   wh ich  we p r e d i c t e d  
a b o v e   f o r   t h e   d e c i s i o n  task a lone .   Thus ,  i t  i s  r e a s o n a b l e   t o  
e x p e c t   t h a t   t h e   s u b j e c t s  were more s t r o n g l y   m o t i v a t e d   t o   r e d u c e  
t h e i r   i n t e r n a l   n o i s e   l e v e l s  when performing  the  combined task 
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( o r  when per forming  a s i n g l e   t r a c k i n g  task)  t h a n  when per forming  
a s i n g l e   d e c i s i o n   t a s k .  

5 .1 .2  L e a r n i n g   D i f f i c u l t i e s  

The s u b j e c t s  may h a v e   e n c o u n t e r e d   d i f f i c u l t y   i n   l e a r n i n g  t h e  
strategies a p p r o p r i a t e  to t h e  v a r i o u s   d e c i s i o n  tasks because of 
inadequa te   knowledge   o f   r e su l t s   du r ing  t h e  t r a i n i n g   p e r i o d .  The 

only  knowledge  of   performance  given t o  t h e  s u b j e c t  was t h e  dec i -  
s i o n   e r r o r   s c o r e   t h a t  was t o l d  to him a t  t h e  e n d   o f   e a c h   t r a i n i n g  
t r i a l .  Thus, i f  t h e  s u b j e c t  were to t r y   v a r i o u s  strategies d u r i n g  
the  c o u r s e   o f  a s i n g l e  t r i a l ,  he would not know which  of t h e  

v a r i a t i o n s  was bes t .  

The d i f f i c u l t y   i n   p r o v i d i n g  t h e  s u b j e c t  w i t h  con t inuous  
f eedback   du r ing  t h e  t r i a l  arises from t h e  open-loop  nature   of  t h e  

task. That  i s ,  t he  s u b j e c t ' s   r e s p o n s e   b e h a v i o r  has no i n f l u e n c e  
on t h e  s i g n a l  shown  on h i s  d i s p l a y  as i t  does ,   for   example ,  when 
t h e  s u b j e c t  i s  a c t u a l l y   c o n t r o l l i n g  the  s igna l .   Var ious   methods  
of p re sen t ing   r e l a t ive ly   i n s t an taneous   knowledge   o f   pe r fo rmance  
were c o n s i d e r e d   ( s u c h  as i l l u m i n a t i n g  a l igh t   wheneve r  t h e  sub- 
j e c t ' s   r e s p o n s e  was i n c o r r e c t ) .  These ideas were r e j e c t e d ,  
however,  because o f  t h e  h i g h   p r o b a b i l i t y  t ha t  t h e  s u b j e c t  would 
l e a r n  t o  respond t o  t h e  pe r fo rmance   i nd ica to r   and   no t  t o  t he  
s i g n a l   o n  the  p r i m a r y  d i s p l a y .  To some e x t e n t ,   t h e n ,  t h e  re- 
l a t i v e l y   l a r g e   n o i s e / s i g n a l   r a t i o   i n f e r r e d   f o r   d e c i s i o n  Task D 
may r e f l e c t   a n   i n a p p r o p r i a t e   e s t i m a t i o n   s t r a t e g y  on t h e  par t  of  
the  s u b j e c t .  

One of  t h e  s u b j e c t s  (WR) had a p a r t i c u l a r l y   s e v e r e   l e a r n i n g  
problem. He d i d  n o t   l a c k   f o r   m o t i v a t i o n ;  he appea red   genu ine ly  



conce rned   abou t  t h e  q u a l i t y   o f  h i s  performance  on t h e  d e c i s i o n  
task. We attempted to improve h i s  performance by p r o v i d i n g  de- 

t a i l ed  e x p l a n a t i o n s  of t he  task and  of  t h e  a p p r o p r i a t e   s t r a t e p y .  
N e v e r t h e l e s s ,  he was n o t  able  t o  b r i n g  h i s  d e c i s i o n   s c o r e  down 
to a r e a s o n a b l e   l e v e l ,   e v e n  w i t h  c o n s i d e r a b l e   p r a c t i c e .  His 
t r ack ing   pe r fo rmance ,   on  the  o t h e r   h a n d ,  was c o n s i s t e n t  w i t h  

what we h a v e   s e e n   i n   p r e v i o u s   s t u d i e s ,  s o  t he re  i s  no r e a s o n   t o  
doubt  that  t h i s  s u b j e c t   p o s s e s s e d  a reasonable   amount   of   psycho-  
motor s k i l l .  ( H e  was, i n  f a c t ,  q u a l i f i e d  as a p r i v a t e  f l i g h t  

i n s t r u c t o r   a n d  was the  o n l y   s u b j e c t   p a r t i c i p a t i n g   i n  t h i s  s t u d y  
who had a i r c ra f t  p i l o t i n g   e x p e r i e n c e . )   A p p a r e n t l y ,  t h i s  s u b j e c t  
was unable  to l e a r n  t h e  task e f f e c t i v e l y  w i t h o u t  con t inuous  feed- 
back of per formance .  

X e  do no t   have  a gooa e x p l a n a t i o n   f o r  t h e  Performance  of  sub- 
j e c t  WK on the  d e c i s i o n  task. H i s  1-task d e c i s i o n   s c o r e  was appre-  
c i a b l y  h i g h e r  i n  t h e  t h i r d  exper iment   (combined   dec is ion   and  
c o n t r o l )   t h a n  i t  had b e e n   f o r  t he  same t a s k  i n  t h e  f i rs t  and 
second  exper iments .   Al lowing   for  t h e  p o s s i b i l i t y  t h a t  t h e  sub- 
j e c t  had performed a t y p i c a l l y   o n  t h e  day he  performed t h e  t h i r d  

exper iment ,  we l e t  h im repeat t h i s  exper iment .   Before   t ak inp;  
data a second time, however, we p r o v i d e d   a d d i t i o n a l   t r a i n i n g  t o  
r e s t o r e  t h e  s u b j e c t ' s  s k i l l  on t h e  d e c i s i o n  t a sk .  N e v e r t h e l e s s ,  
t he  s e c o n d   r e p l j c a t i o n   o f  t h e  combined   dec i s ion   and   con t ro l  ex- 
per iment   gave  the same r e s u l t s  as t h e  f i r s t ;  namely,  an  unexpec- 
t e d l y  h i g h  1-task d e c i s i o n   s c o r e .  It  i s  as though t h e  s u b j e c t  
e i t h e r  "forgot"  t h e  a p p r o p r i a t e   d e c i s i o n   s t r a t e g y   o r  lost h i s  

m o t i v a t i o n  to perform well on the  d e c i s i o n  t a s k  a l o n e   i n  t h f s  
p a r t i c u l a r   e x p e r i m e n t a l   s i t u a t i o n .  



5.2 Model  Refinements 

5.2.1 Non-Constant  Noise/Signal  Ratio 

We e x p e c t e d   p r i o r  t o  t h e  f i r s t  experiment  t ha t  a n o i s e / s i g n a l  
r a t i o   o f   a b o u t  -20 dB would  a l low  us   to   match t h e  s u b j e c t s '   d e c i -  
s i o n   p e r f o r m a n c e   f o r  a v a r i e t y   o f   d e c i s i o n  tasks. T h i s  assumption 
was based on our s u c c e s s  a t  matching human c o n t r o l l e r   b e h a v i o r  
w i t h  t h i s  n o i s e   l e v e l   f o r  a n u m b e r   o f   c o n t r o l   s i t u a t i o n s   i n v o l v i n g  
stable control led-element   dynamics.   Such was no t  t h e  case, how- 
eve r ,   and  we f o u n d   a n   a p p a r e n t l y   l i n e a r   r e l a t i o n s h i p   b e t w e e n  t h e  

d e c i s i o n   e r r o r   a n d  t h e  l o g a r i t h m   o f  t h e  n o i s e / s i g n a l   r a t i o .  

I n   k e e p i n g  w i t h  t he  p r e v i o u s   d i s c u s s i o n   o f  these r e s u l t s ,  
we sugges t  t ha t  t h e  model might  be improved by t a k i n g  t h e  s e n s i -  . 
t i v i t y   o f   p e r f o r m a n c e   t o   n o i s e / s i g n a l   r a t i o   i n t o   a c c o u n t .  That  
i s ,  t he  r u l e s   f o r   s e l e c t i n g   o b s e r v a t i o n   n o i s e   l e v e l s  might be  

modi f ied  to show t h e  n o i s e / s i g n a l   r a t i o  as a n   e x p l i c i t   f u n c t i o n  
o f  t h i s  s e n s i t i v i t y .  There i s  enough   expe r imen ta l   ev idence   t o  
i n d i c a t e  t h a t  t h i s  i s  a r e a s o n a b l e   i d e a ,   a l t h o u g h   f u r t h e r   s t u d y  
would be  needed i n   o r d e r   t o   d e t e r m i n e  w i t h  any   deg ree   o f   p rec i -  
s i o n  what t h i s  f u n c t i o n   c h o u l d  b e .  A model re f inement  of t h i s  

sort would  improve t h e  p red ic t ive   accu racy   o f   mode l s  f o r  manual 
c o n t r o l  as well as for   decis ion-rnakinE.  

5.2.2 Time-Varying  Observation  Noise  Process 

I n   o r d e r  t o  s i m p l i f y  t h e  a n a l y s i s  o f  t h e  d e c i s i o n  task,  w e  have 
t rea ted  o b s e r v a t i o n   n o i s e  as a t ime-s t a t iona ry   r andom  p rocess .  
T h i s  t r e a t m e n t  i s  a c t u a l l y  a t  v a r i a n c e  w i t h  ou r   a s sumpt ion   o f   an  
u n d e r l y i n g   m u l t i p l i c a t i v e   n o i s e   p r o c e s s .   ( S e e  t h e  a n a l y s i s   o f  
obse rva t ion   no i se   i n   Append ix  B . )  To be  c o n s i s t e n t ,  we ought  t o  



c o n s i d e r  t he  power d e n s i t y   l e v e l   o f  t h e  o b s e r v a t i o n   n o i s e  as a 
t ime-va ry ing   quan t i ty   wh ich   va r i e s  w i t h  t h e  ins tan taneous   magni -  
t u d e   o f  t h e  o b s e r v e d   s i g n a l .  

The a s sumpt ion   o f  a t i m e - s t a t i o n a r y   o b s e r v a t i o n   n o i s e   p r o -  
cess has apparent ly   worked  very wel l  f o r   m o d e l l i n g  human re sponse  
b e h a v i o r   i n   c o n t i n u o u s   c o n t r o l   s i t u a t i o n s .  If one  measures  per- 
formance i n  terms o f   mean- squa red   t r ack ing   e r ro r ,  as w e  have 
done,   then t h e  e f f e c t  of a given  amount o f  e s t i m a t i o n   e r r o r  on 
performance i s  independent   o f  t h e  i n s t a n t a n e o u s   v a l u e   o f  t he  
t r a c k i n g   e r r o r .   I n  t h i s  case,   no loss o f   p r e d i c t i v e   a c c u r a c y  
r e s u l t s   f r o m   c o n s i d e r a t i o n   o f   a v e r a g e   o b s e r v a t i o n   n o i s e   c h a r a c -  
t e r i s t i c s .  

The r e l a t i o n   b e t w e e n   o b s e r v a t i o n   n o i s e   a n d   d e c i s i o n   p e r f o r -  
mance i s  more compl ica ted ,  a t  least  f o r  t h e  t y p e   o f   d e c i s i o n  t a s k  
we have   s tud ied .  The e f f e c t  tha t  a g i v e n  amount  of e s t i m a t i o n  
e r r o r  has on dec is ion   per formance   depends   very  much on t h e  rela- 
t i on   be tween  t h e  magnitude  of  t h e  e s t i m a t i o n   e r r o r   a n d  t h e  

i n s t a n t a n e o u s   v a l u e   o f  the  " s i g n a l . "  For example, i f  the  
" s i g n a l "  i s  two target wid ths  beyond t h e  ta rge t  boundary, t h e  
s u b j e c t  will make the  c o r r e c t   d e c i s i o n   e v e n  i f  the  i n s t a n -  
t a n e o u s   e r r o r   i n  h i s  estimate of t h e  s i g n a l   p o s i t i o n  i s  subs tan-  
t i a l .  On the  o t h e r   h a n d ,   r e l a t i v e l y  small e s t i m a t i o n   e r r o r s  may 
c a u s e   a n   i n c o r r e c t   d e c i s i o n  i f  t he  s i g n a l  i s  v e r y   c l o s e   t o   o n e  
o f  t h e  t a r g e t   b o u n d a r i e s .  A more accu ra t e   mode l l ing   p rocedure  
would take accoun t   o f  t h e  r e l a t i o n   b e t w e e n   i n s t a n t a n e o u s   s i g n a l  
va lue   and  t h e  v a r i a n c e   o f  t h e  accompany ing   e s t ima t ion   e r ro r .  

It i s  p o s s i b l e  t h a t  t h e  s u b j e c t s   t o o k   a d v a n t a g e   o f  the time- 
v a r y i n g   c h a r a c t e r i s t i c s  of  t h e  o b s e r v a t i o n   n o i s e  when per forming  
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s i m u l t a n e o u s   d e c i s i o n   a n d   t r a c k i n g  tasks. For   example,  t h e y  
could   have  shared a t t e n t i o n   b e t w e e n  t h e  tasks when t h e  d e c i s i o n  
s i g n a l  was c l o s e  t o  a ta rge t   boundary   and  p a i d  n e a r l y   f u l l   a t t e n -  
t i o n  t o  the  t r a c k i n g  task a t  o t h e r  times. Such a s t r a t egy  might 

y i e l d  be t te r  performance  than t ha t  p r e d i c t e d  by a model i n  which 
t h e  d i v i s i o n   o f   a t t e n t i o n  i s  a s sumed   cons t an t   fo r  t h e  d u r a t i o n   o f  
a t r i a l .  On the  o ther   hand ,   one   would   a l so   expec t  a t ime-varying 
s t r a t e g y   o f  t h i s  s o r t   t o  improve  performance i n  t he  two-task 
d e c i s i o n   s i t u a t i o n .  T h i s  a p p a r e n t l y  was n o t  the  case,  however. 

The on ly  way t o  de te rmine  whether o r   n o t  a t ime-varying 
o b s e r v a t i o n   n o i s e   p r o c e s s   w o u l d   a c c o u n t   f o r  t he  d i s c r e p a n c i e s  
between  theory  and  experiment  would be t o  i n c o r p o r a t e  t h i s  time- 
v a r i a t i o n   i n t o  t h e  d i g i t a l  implementat ion o f  t he  model  and per- 
form the r e q u i r e d  model a n a l y s i s .  T h i s  m o d i f i c a t i o n  t o  the  model 
was n o t  made, because t h e  e f fo r t  invo lved  d i d  not seem war ran ted  
i n  t h e  con tex t   o f  t h i s  s t u d y . "   N e v e r t h e l e s s ,   t i m e - v a r i a t i o n s  
o f  t h i s  s o r t  will probably  have t o  be  i n c l u d e d   i n  t h e  model if 

more r e a l i s t i c   s i t u a t i o n s  are  t o  be  ana lyzed ,   s ince   mos t   dec i s ion -  
making tasks are i n t e r m i t t e n t ,  rather t h a n   c o n t i n u o u s ,   i n  
c h a r a c t e r .  

*Time v a r i a t i o n s   o f  a d i f f e r e n t  t y p e  have already b e e n   i n c o r p o r a t e d  
i n t o  t h e  p i l o t - v e h i c l e  model t o  a l l o w   a n a l y s i s   o f  t h e  approach - 
t o - l a n d i n g  problem. (Ref. 1 2 ) .  
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6. CONCLUDING R E M A R K S  

A model f o r  human decis ion-making has been  developed a n d  
tested a g a i n s t   e x p e r i m e n t a l  data. T h i s  model i s  a s t r a i g h t f o r w a r d  

. a a a p t a t i o n  of the  o p t i m a l - c o n t r o l   m o d e l   f o r   p i l o t / v e h i c l e   s y s t e m s  
deve loped   p rev ious ly   by  BBN. The " o p t i m a l   g a i n   m a t r i x "   i n c l u d e d  
i n  t h e  p i l o t / v e h i c l e   m o d e l  i s  r e p l a c e d  by a n   " o p t i m a l   d e c i s i o n  
r u l e "   i n  t h e  dec i s ion   mode l .  Otherwise, t h e  two  models are q u i t e  
similar: b o t h   i n c l u d e  t h e  c o n c e p t s   o f  time d e l a y ,  o b s e r v a t i o n  
n o i s e ,   o p t i m a l   p r e d i c t i o n ,   a n d   o p t i m a l   e s t i m a t i o n .  The model f o r  
decis ion-making  developed i n  t h i s  s t u d y  i s  i n t e n d e d   t o   a p p l y  to 
s i t u a t i o n s   i n   w h i c h  t h e  human bases h i s  d e c i s i o n   o n  h i s  estimate 
o f  t h e  s ta te  o f  a l i n e a r   p l a n t .  

Three  expe r imen t s  were conducted ,  t h e  first of   which  a l lowed 
us  t o   d e t e r m i n e  t h e  e x t e n t  to which t h e  m o d e l   c o u l d   p r e d i c t  t h e  
e f f e c t s   o f   c h a n g e s   i n  task parameters on   dec i s ion   pe r fo rmance .  
The remain ing   two  exper iments   p rovided  t es t s  of  o u r  model f o r  
i n t e r f e r e n c e   i n   m u l t i p l e - d e c i s i o n   a n d   i n   d e c i s i o n - p l u s - t r a c k i n g  
s i t u a t i o n s .   E x p e r i m e n t a l   r e s u l t s  agreed v e r y   c l o s e l y  w i t h  pre- 
d i c t e d   p e r f o r m a n c e   i n   s i t u a t i o n s   i n v o l v i n g   o n l y   d e c i s i o n - m a k i n g .  
U s i n g   f i x e d   v a l u e s   f o r  human time d e l a y   a n d   n o i s e / s i g n a l   r a t i o ,  
we were able to p r e d i c t   b o t h  1-task and  2 - t a s k  a v e r a g e   s c o r e s  t o  
w i t h i n   a n   a c c u r a c y  of  about  1 0  percent .   Agreement  was less good 
for t he  s i m u l t a n e o u s   d e c i s i o n   a n d   c o n t r o l   s i t u a t i o n ,  w i t h  p r e d i c -  
t i o n   e r r o r s   o n  t h e  o r d e r   o f  15 p e r c e n t .   D i s c r e p a n c i e s   b e t w e e n  
theo ry   and   expe r imen t   cou ld   no t  be  a t t r i b u t e d   e n t i r e l y   t o  ex -  
p e r i m e n t a l   v a r i a b i l i t y .   P r o b l e m s   r e l a t i n g  to t he  m o t i v a t i o n a l  
a s p e c t s   o f  the  d e c i s i o n  task and t h e  d i f f i c u l t y   i n   l e a r n i n g  t h e  
o p t i m a l   d e c i s i o n   s t r a t e g y  were c o n s i d e r e d ,   a l o n g  w i t h  s u g g e s t i o n s  
f o r   r e f i n i n g  t h e  model. 
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As we d i s c o v e r e d  a f t e r  we had proceeded well a l o n g   i n  th is  

s t u d y ,   t h e   v e r y   n a t u r e   o f  t h e  d e c i s i o n  task made i t  d i f f i c u l t  t o  
o b t a i n   c o n c l u s i v e   r e s u l t s .  Most impor t an t ly ,   dec i s ion   pe r fo rmance  
was found t o  be  r e l a t i v e l y   i n s e n s i t i v e  t o  t h e  amount o f   a t t e n t i o n  
p a i d  t o  t h e   t a s k  by t h e  p i l o t .   A c c o r d i n g l y ,  we recommend t h a t  

f u t u r e   a t t e m p t s  t o  v a l i d a t e  t h e  model for decis ion-making  devel-  
oped i n  t h i s  s tudy  be  concerned wi th  tasks fo r   wh ich  t h e  human's 
o v e r a l l   d e c i s i o n   p e r f o r m a n c e  i s  s e n s i t i v e  t o  t h e  detai ls  of h i s  

r e sponse   behav io r .  

The p i l o t ' s  task o f   d e c i d i n g  whether o r  no t  t o  l a n d  h i s  a i r -  
c r a f t  i s  a dec i s ion   p rob lem t o  which t h e  model may u s e f u l l y  b e  

appl ied,   and  one  which will a l l o w  a more c r i t i c a l  t e s t  o f  t h e  
p r e d i c t i v e   a c c u r a c y   o f  t h e  model .   Since t h e  l and ing-dec i s ion  
task can  be fo rmula t ed  as the  task o f   d e c i d i n g  whether or not  t h e  

a i r c r a f t  i s  w i t h i n  t h e  " l and ing  window," t h i s  task f a l l s  w i t h i n  
t h e   c l a s s   o f   t h o s e  t h a t  can  be  handled  by  t h e  model. I dea l ly ,  
t h e  model  could be  used t o  p r e d i c t  how c h a n g e s   i n  t h e  n a t u r e   o f  
t h e  i n f o r m a t i o n   d i s p l a y e d  t o  t h e   p i l o t  will h e l p  ( o r  h i n d e r )  t h e  

p i l o t ' s   d e c i s i o n - m a k i n g   a b i l i t y .   I n   a d d i t i o n ,   o n e   c o u l d   e x p l o r e  
t h e  e f f e c t s   o f   m u t u a l   i n t e r f e r e n c e   b e t w e e n  t h e  d e c i s i o n  t a s k  and 
the  task o f   c o n t r o l l i n g  t h e  a i r c r a f t .  

The l and ing-dec i s ion  task,  even when s i m u l a t e d   i n  the  l abora -  
tory, d i f f e r s  from t h e  d e c i s i o n  task e x p l o r e d   i n  t h i s  s t u d y   i n  
some i m p o r t a n t   r e s p e c t s .   F i r s t   o f  a l l ,  a r e a l i s t i c   l a n d i n p -  
d e c i s i o n  task i s  mul t i -d imens iona l .  The p i l o t  must   not   only 
de te rmine  whether or not  t h e  a i r c r a f t ' s   a l t i t u d e  i s  w i t h i n   a n  
a c c e p t a b l e   r a n g e ,   b u t  he must a l so   check   on  t h e  l a t e r a l  p o s i t i o n ,  
r a t e -o f -desen t ,   and   poss ib ly  a i rspeed a n d   a t t i t u d e  as well .  Be- 
c a u s e   o f  the  complexi ty   o f  t h e  task, we s u s p e c t  that d e c i s i o n  
performance will be  r e a s o n a b l y   s e n s i t i v e  t o  t h e  p l l o t ' s   i n t e r n a l  
n o i s e   ( p a r t i c u l a r l y   i n  t h e  a b s e n c e   o f   s i m u l a t e d   i n s t r u m e n t   n o i s e ) .  
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The p i l o t  will g e n e r a l l y   n o t   h a v e  t h e  " ta rge t  boundar i e s "  
d i s p l a y e d   t o  him. I n s t e a d ,  he must  compare h i s  p e r c e p t i o n  o f  t h e  
s ta te  o f  t h e  v e h i c l e   a g a i n s t  some idea l  s t a t e  t h a t  i s  s t o r e d   i n  
h i s  memory. An a d d i t i o n a l   s o u r c e   o f   e s t i m a t i o n   e r r o r  i s  now i n -  
t r o d u c e d   i n t o  t h e  problem to t h e  e x t e n t  t h a t  t h e  p i l o t ' s   m e n t a l  
image o f  t h e  t a r g e t  area f l u c t u a t e s  w i t h  time. One micht  t r ea t  
t h i s  problem by a s s o c i a t i n g   o b s e r v a t i o n   n o i s e   p r o c e s s e s  w i t h  t h e  
t a r g e t   b o u n d a r i e s  as well as w i t h  t h e  d i s p l a y  v a r i a b l e s  re la ted  
t o  f l i g h t  c o n t r o l .   E x p e r i m e n t a t i o n   a n d   a n a l y s i s  will be neces-  
s a r y   t o   d e t e r m i n e  whether o r   n o t  t h i s  i s  a v a l i d   a p p r o a c h ,   a n d ,  
i f  so,  what n o i s e   l e v e l s   s h o u l d  be a s s o c i a t e d  w i t h  t h e  p i l o t ' s  
menta l  image. 

If a s i n g l e   i n d i v i d u a l  i s  c o n t r o l l i n g  t h e  a i r c r a f t   a n d  making 
t he  d e c i s i o n  w i t h  regard t o   l a n d i n g ,   o n e   m u s t   c o n s i d e r  t h e  p o s s i -  
b i l i t y   o f   i n t e r f e r e n c e   b e t w e e n  t h e  c o n t r o l   a n d   d e c i s i o n  tasks.  
Because t h e  same i n f o r m a t i o n   o b t a i n e d   f r o m  t h e  same d i s p l a y s  i s  
u s e d   f o r   b o t h  tasks, t h e  c u r r e n t   m o d e l   f o r   i n t e r f e r e n c e  may n o t  
be a p p l i c a b l e  to t h i s  s i t u a t i o n   w i t h o u t   m o d i f i c a t i o n .  ( A t  p re -  
s e n t ,   i n t e r f e r e n c e  i s  assumed to o c c u r  among p e r c e p t u a l   v a r i a b l e s  
and i s  a c c o u n t e d   f o r  by a p p r o p r i a t e   c h a n g e s   i n  t h e  n o i s e / s i g n a l  
r a t i o s   a s s o c i a t e d  w i t h  e a c h   v a r i a b l e . )  

The  model fo r   dec i s ion -mak ing  might a l s o  be  u s e d   t o   a n a l y z e  
t h e  p i l o t ' s  task o f   d e t e c t i n g   a n d   i d e n t i f y i n g  chanp;es i n   c o n t r o l  
system  dynamics.   System  dynamics w i l l  o f t e n  degrade markedly 
whenever a s y s t e m   f a i l u r e   o c c u r s ,   o r   w h e n e v e r  t h e  " o p e r a t i n e  
p o i n t ' '   o f  t h e  veh ic l e   changes   because ,   s ay ,  a s t a l l  i s  imminent.  
The p i l o t   m u s t   t h e n   i d e n t i f y  t h e  n a t u r e   o f  t h e  problem  and  adopt  
a p p r o p r i a t e   r e c o v e r y   s t r a t e g y .  The e n t i r e   d e c i s i o n   p r o b l e m  may 
be t h o u g h t   o f  as a f o u r - s t e p   p r o c e s s :  ( a )  d e t e c t i o n   o f  t h e  change 
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i n  dynamics, ( b )  i d e n t i f i c a t i o n   o f  t h e  new dynamics ,   (c )   modi f ica-  
t i o n  o f  t h e   p i l o t ' s   b a s i c   c o n t r o l   s t r a t e g y ,   a n d  ( d )  o p t i m i z a t i o n ,  
o r   " f i n e   t u n i n g "   o f  t he  r e sponse .  (See Reference  1 6  f o r  a d i s -  

c u s s i o n   o f   a d a p t i v e   m a n u a l   c o n t r o l . )  

The model  should b e  most r ead i ly  a p p l i c a b l e  t o  t h e  d e t e c t i o n  
a s p e c t  of t he  problem.  Elkind  and Miller ( R e f .  1 7 )  have  developed 
a model f o r  t h e  d e t e c t i o n  task i n  which t h e  human i s  assumed t o  
estimate t h e  sys t em states and t o  d e t e c t  a change i f  these states 
exceed some pre-determined limits. There i s  t h u s  a c l o s e   a n a l o g y  
between t h i s  d e t e c t i o n  task and the  d e c i s i o n  task which has been 
d e s c r i b e d   i n  t h i s  r e p o r t .   N o t e   t h a t  we would  have t o  i n c l u d e  
the  p i l o t ' s   o p t i m a l   c o n t r o l  s t ra tegy  i n  t h e  model f o r  t he  de- 
t e c t i o n   p r o b l e m   i n   o r d e r  t o  a c c o u n t   f o r  t h e  f a c t  tha t  t h e  p i l o t  
c l o s e s  the  c o n t r o l   l o o p .  

We s u s p e c t  t h a t  the  model f o r   d e c i s i o n   a n d   c o n t r o l   c o u l d  b e  

a p p l i e d  t o  t h e  i d e n t i f i c a t i o n   p h a s e   o f  th i s  dec i s ion   p rob lem i f  

a p p r o p r i a t e   m o d i f i c a t i o n s  were made t o  t he  model. T h i s  task i s  
more compl i ca t ed   t han  t h e  d e c i s i o n  tasks w e  have  considered  up 
t o  now. It i s  n o   l o n g e r   s u f f i c i e n t   f o r  t he  p i l o t  t o  obse rve  
t h a t  sys t em behav io r  i s  unusual ;  he must decide  which s e t  o f  
e v e n t s  i s  most l i k e l y  t o  a c c o u n t   f o r  t h i s  behav io r .  One way t o  
model t h e  p i l o t ' s   d e c i s i o n   s t r a t e g y  i s  t o  assume that he con- 
s t ruc ts  a model of the  s y s t e m  f o r   e a c h   o f  t h e  p o s s i b l e   c o n t r o l  
sys t em c o n f i g u r a t i o n s  t h a t  might o c c u r .  The p i l o t   t h e n  compares 
t h e  o b s e r v e d   v e h i c l e  s t a t e  w i t h  t h e  o u t p u t s   o f   e a c h   o f  t h e  
models   and,   using  Bayesian  decis ion ru les ,  makes a guess  as t o  
how t h e  sys t em dynamics  have  changed (Ref. 1 7 ) .  I n   o r d e r  t o  
a c c o u n t   f o r  t h i s  d e c i s i o n   s t r a t e g y ,  t h e  current  model  would  have 
t o  be augmented t o  r e p r e s e n t   a d d i t i o n a l   " i n t e r n a l   m o d e l s "   o f  the  
f l i g h t - c o n t r o l  sys tem.  



I n   c o n c l u s i o n ,  we submi t  tha t  t h e  model fo r   dec i s ion -mak ing  
a n d   c o n t r o l   d e s c r i b e d   i n  t h i s  s t u d y  i s  wor thy   o f   fu r the r   con -  
s i d e r a t i o n .  With some a d d i t i o n a l  research needed to r e f i n e   a n d  
ex tend  t h e  model, i t  s h o u l d   p r o v e   a p p l i c a b l e  to t h e  a n a l y s i s  o f  
i m p o r t a n t   d e c i s i o n - m a k i n g   p r o b l e m s   w h i c h   f a c e   p i l o t s   i n  f l i g h t -  

c o n t r o l   s i t u a t i o n s .   I n   p a r t i c u l a r ,  the model   should   p rove   usefu l  
i n   i n d i c a t i n g  the  e x t e n t  to which   changes   i n  t h e  c o n t r o l   a n d  d i s -  

p l a y   s y s t e m s  w i l l  a f f e c t  the  p i l o t ' s   d e c i s i o n - m a k i n g   c a p a b i l i t y .  
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A P P E N D I X  A 

EXPERIMENTAL APPARATUS A N D  P R O C E D U R E S  

A . l  P r i n c i p a l  Experimental  Hardware 

A . l . l  Computing  Machinery 
An Applied  Dynamics AD/4 AnaloC-Hybrid  System was used to s i m u l a t e  
veh ic l e   dynamics ,  f i l t e r  i n p u t   s i g n a l s ,   p e n e r a t e  the  d i s p l a y ,   a n d  
compute the  var ious   per formance   measures .   Input   s igna ls  were ob- 
t a ined   f rom  p re - r eco rded   ana lop   magne t i c   t ape .  

A . 1 . 2  S u b j e c t  Booth 
D i s p l a y s   a n d   c o n t r o l s  were l o c a t e d   i n  a s u b j e c t   b o o t h  t h a t  was 
i s o l a t e d   b o t h   a c o u s t i c a l l y   a n d   v i s u a l l y .  A c h i n  rest was provided  
to main ta in  a f i x e d  e y e - t o - d i s p l a y   d i s t a n c e .  

A . 1 . 3  Display 
The s u b j e c t  was provided  w i t h  a n   o s c i l l o s c o p i c   p r e s e n t a t i o n  of 
t h e  d i s p l a y  shown i n   F i g u r e  A - 1 .  Eye - to -d i sp lay   d i s t ance  was 
about  70 c e n t i m e t e r s :   t h u s ,  1 cm. o f   d i sp l ay   d i sp l acemen t  cor- 
responded to approximate ly  35 m i l l i r a d i a n s  ( 2  degrees) v i s u a l  
a r c .   T a r g e t   b o u n d a r i e s  were p e n e r a t e d   e l e c t r o n i c a l l y   a n d  were 
l o c a t e d  a t  - +18 mill irad (+1 - degree) v i s u a l   a r c   f r o m  t h e  z e r o  
r e f e r e n c e   l e v e l .  A z e r o   r e f e r e n c e   i n d i c a t i o n  was provided  by 
a 0.16 cm s t r ip  of  opaque Red tape d u r i n g  t h e  f i n a l   e x p e r i m e n t  
to f a c i l i t a t e  manual   cont ro l   per formance .  No g r i d  l i n e s  were 
shown  on t he  ' s cope   f ace .  The phosphor   of  t h e  d i s p l a y   t u b e  
was t y p e  P-11, which pave a b l u i s h   c a s t  to t he  r e fe rence   and  
e r r o r   i n d i c a t o r s .  

A . 1 . 4  Cont ro l s  
A s ing le - th row  sp r ing - re tu rn   pushbu t ton   a l lowed  the  s u b j e c t  to 
i n d i c a t e  h i s  i n s t a n t a n e o u s   " d e c i s i o n .  I' The pushbut ton  was mounted 
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s o  t h a t  i t  cou ld  b e  hand-held  and  thumb-operated.   The  subject  
was i n s t r u c t e d   t o   k e e p  t h e  pushbu t ton  depressed whenever h e  t h o u e h t  
t h e   " s i g n a l "  was w i t h i n  t h e  target  area;  o t h e r w i s e ,  he was t o  re- 
lease it. 

An aluminum s t i c k   a t t a c h e d   t o  a f o r c e - s e n s i t i v e   h a n d   c o n t r o l  
(Measurement  Systems Hand C o n t r o l ,  Model 435) a l lowed  t h e  s u b j e c t  
t o   c o n t r o l  t h e  t r a c k i n g   v a r i a b l e .  The s t i c k - c o n t r o l   c o m b i n a t i o n  
p r o v i d e d   a n   o m n i d i r e c t i o n a l   s p r i n e   r e s t r a i n t  w i t h  a r e s t o r i n p  
f o r c e   o f   a b o u t  28 n e w t o n s   p e r   c e n t i m e t e r   d e f l e c t i o n   o f   t h e   t i p   o f  
t h e   s t i c k .  The s u b j e c t   u s e d  wrist and   f i nge r   mo t ions  t o  manipu- 
l a t e  t h e  c o n t r o l   s t i c k   a n d  was p rov ided  w i t h  an  armrest t o  s u p p o r t  
h i s  f o r e a r m .   T h e   s t i c k  was mounted v e r t i c a l l y ;   f o r w a r d   d e f l e c t i o n  
o f  t h e  s t i c k  imparted a n   u p w a r d   v e l o c i t y   t o  t h e  t r a c k i n g   e r r o r  
s i g n a l  t ha t  was p r o p o r t i o n a l   t o  t h e  a p p l i e d   f o r c e .  

A.2 S u b j e c t s  a n d  Tra in ing   Procedures  

A . 2 . 1  Exper imenta l   Subjec ts  
S e v e n   s u b j e c t s   p a r t i c i p a t e d   i n   v a r i o u s  phases o f  t h e  e x p e r i m e n t a l  
p rop ram.   S ix   o f  these s u b j e c t s  were c u r r e n t   o r   r e c e n t   e n g i n e e r i n g  
s t u d e n t s  a t  N a s s a c h u s e t t s   I n s t i t u t e   o f   T e c h n o l o g y  w i t h  n o   f l i g h t  
expe r i ence   and   no   expe r i ence  w i t h  l a b o r a t o r y  tasks o f  t h e  t y p e  
e x p l o r e d   i n  t h i s  s t u d y .  The r e m a i n i n g   s u b j e c t  was a f o r m e r   p r i -  
v a t e   f l i g h t   i n s t r u c t o r  who had p a r t i c i p a t e d   i n   p r e v i o u s   s t u d i e s  
o f   manua l   con t ro l .  

- A.2.2 R u n  Length 
A l l  t r a i n i n p   a n d  data t r ia l s  las ted fou r   minu te s   and  were gener-  
a l l y   p r e s e n t e d   i n   s e s s i o n s   o f   t w o   o r  t h ree  t r i a l s  each  wi th  a 
minimum rest  p e r i o d   o f   a b o u t  10 minu tes   be tween   s e s s ions .  Minimun: 
rest  p e r i o d s   o f  1 minute  were p r o v i d e d   b e t w e e n   s u c c e s s i v e  t r ia ls  
w i t h i n  a s e s s i o n .  
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A . 2 . 3  Inputs 
A number   o f   i npu t   s igna l s  were u s e d   i n   s u c c e s s i o n   d u r i n s   t r a i n i n g  
to m i n i m i z e   l e a r n i n g   o f  t h e  i n p u t .  A separate s e t  o f   f o u r   i n p u t  
segments  were r e s e r v e d   f o r   d a t a - t a k i n g .   I n   o r d e r  to minimize t h e  
e f f e c t s  of i n p u t   d i f f e r e n c e s   o n  t h e  e x p e r i m e n t a l   r e s u l t s ,  t h e  

same inpu t   s egmen t  was g e n e r a l l y  repeated for each   of  t h e  t h ree  
c o n d i t i o n s   i n v e s t i p a t e d   d u r i n g  a data s e s s i o n .  

A . 2 . 4  Trainina on t h e  Decision Task 
The f irst  t r a i n i n g  t r i a l  c o n s i s t e d  of  a r u n   i n   w h i c h  t h e  s u b j e c t  
s imul t aneous ly   obse rved  t h e  " s i g n a l - p l u s - n o i s e "   v a r i a b l e   y ( t )  on 
o n e   i n d i c a t o r   a n d  the  l l s i g n a l l l  s ( t )  on the o t h e r   i n d i c a t o r .  The 
ob, ject   of  th i s  t r i a l  was t o  e n a b l e  t h e  s u b j e c t  t o  l e a r n  t h e  sta- 
t i s t ica l  p r o p e r t i e s   o f  t h e  " s i g n a l ' :   a n d   " n o l s e "   p r o c e s s e s .  For 
most   of  t h e  s u b j e c t s ,  a s i n g l e  t r i a l  o f  t h i s  sort was s u f f i c i e n t .  
T r a i n i n g   t h e n   p r o c e e d e d  w i t h  on ly  t h e  s i g n a l  y ( t )  shown  on t h e  
d i s p l a y ,  and t h e  s u b j e c t  was informed  of  h i s  " d e c i s i o n   e r r o r ' '  
( d e f i n e d   b e l o w )  a t  t h e  e n d   o f   e a c h   r u n .  

The s u b j e c t s  appeared t o   r e a c h  a s tab le  l e v e l  o f  performance 
a f t e r  a few t r a i n i n p  t r i a l s .  That i s ,  t h e  d e c i s i o n   e r r o r   s c o r e  
d i d  n o t   e x h i b i t  a c o n s i s t e n t   d e c r e a s e  w i t h  p r a c t i c e .   A c c o r d i n p l y ,  
when t r a i n i n g  t h e  s u b j e c t s   f o r  the  f i r s t  expe r imen t ,  w e  p rov ided  
them w i t h  a n   e q u a l  number o f   t r a i n i n g  t r ia l s  p e r  task;  we d i d  n o t  
attempt to t r a i n  t o  a n   a s y m p t o t i c   l e v e l  of performance as we would 
n o r m a l l y   d o   f o r  a t r a c k i n g  task .  S i x  t r ia l s  per  task were p r o v i d e d .  

The s u b j e c t s  were t r a i n e d  t o  a n   a p p a r e n t l y   a s y m p t o t i c   l e v e l  
o f   p e r f o r n a n c e   p r i o r  t o  d a t a - t a k i n g   i n  t h e  t w o - t a s k   d e c i s i o n  s i t -  
u a t i o n .  An a v e r a g e  o f  6 t r a i n i n p  t r ia ls  on t h e  t w o - t a s k   s i t u a t i o n  
were conducted  p e r  s u b j e c t  . 
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When per forming  a s i n p l e   d e c i s i o n  task,  t h e  s u b j e c t s  were 
i n s t r u c t e d   t o   m i n i m i z e  t h e  t o t a l   d e c i s i o n   e r r o r   ( d e f i n e d  as t h e  
f r a c t i o n   o f  time d u r i n g  t h e  run  t ha t  t h e i r  r e sponse  was i n   e r r o r ) .  
This  e r r o r   s c o r e  was computed as t h e  sum o f  t he  two component 
e r r o r   s c o r e s :  ( a )  t h e  "false-alarm" ra te ,  d e f i n e d  as t h e  f r a c t i o n  
of  time tha t  t h e  subjec t   responded  " in ' !  when t h e  s i g n a l  was out-  
side t h e  t a r g e t ,   a n d  ( b )  t h e  "miss'! ra te ,  d e f i n e d  as t h e  o p p o s i t e  
t y p e   o f   d e c i s i o n   e r r o r .  The s u b j e c t  was n o t   t o l d   s p e c i f i c a l l y  
how t o   a p p o r t i o n   h i s   t o t a l   d e c i s i o n   e r r o r  among t h e  component 
s c o r e s ,   a n d  he was g e n e r a l l y   n o t   i n f o r m e d   o f  these component 
s c o r e s .  If these two s c o r e s  d i f f e red  by more t h a n  a f a c t o r   o f  
two o r   t h r e e ,   h o w e v e r ,  t h e  s u b j e c t  was informed  of  t h i s  and  en- 
couraged to reduce  t h e  bias i n  h i s  d e c i s i o n   c r i t e r i o n .  

When pe r fo rminp   two   dec i s ion  tasks c o n c u r r e n t l y ,  t h e  s u b j e c t s  
were r e q u i r e d  to minimize a compos i t e   s co re   de f ined  as t h e  sum o f  
the  t o t a l   d e c i s i o n   e r r o r   s c o r e s  on each  task.  A t  t h e  end of each 
r u n ,   t h e y  were informed  of  t h e  c o m p o s i t e   s c o r e ,   p l u s  t h e  d e c i s i o n  
e r r o r   a s s o c i a t e d  w i t h  each  task.  They were n o t   t o l d  how each  de- 

c i s i o n   e r r o r   r e s o l v e d   i n t o  false-alarm and miss rates.  

A . 2 . 5  T r a i n i n g   o n  t h e  T r a c k i n g   T a s k  
Each s u b j e c t  was t r a i n e d  on the  t r a c k i n p  task a l o n e   u n t i l   a n   a p -  
p a r e n t l y  s table  pe r fo rmance   l eve l  was reached .  The i n s t r u c t i o n s  
were to minimize  mean-squared  t rackinp error. Approximately 30 
t r a i n i n g  t r ia ls  were p r o v i d e d   e a c h   s u b j e c t  

The s u b j e c t s  were t h e n   t r a i n e d   t o   a n   a p p a r e n t l y   a s y m p t o t i c  
l eve l   o f   pe r fo rmance   on  t h e  combined   dec is ion-p lus- t rackinp  task 
(about  1 4  t r ia ls  p e r   s u b j e c t ) .  The sub , jec ts  were i n s t r u c t e d   t o  
minimize a weighted sum of t r a c k i n c   a n d   d e c i s i o n   e r r o r s .   B e f o r e  
t r a i n i n g  was bepun  on t h e  combined t a sk ,  model a n a l y s i s  was 



performed w i t h  n o m i n a l   p i l o t  parameters to de te rmine  a weiRht ing  
on the  d e c i s i o n  t a s k  tha t  would  a l low t h e  d e c i s i o n   a n d   t r a c k i n p  
s c o r e s  to c o n t r i b u t e   r o u g h l y   e q u a l l y  to t h e  total performance 
measure.  T h i s  w e i g h t i n p   r e m a i n e d   c o n s t a n t   d u r i n p  t h e  e n t i r e  
t r a i n i n g   a n d   d a t a - t a k i n p   p e r i o d .  A t  t h e  e n d   o f   e a c h   s e s s i o n ,  t h e  
s u b j e c t  was informed of h i s  t o t a l   p e r f o r m a n c e   s c o r e ,  h i s  t r a c k i n p  
s c o r e ,   a n d  h i s  d e c i s i o n   e r r o r   s c o r e   ( b o t h  weighted  and  unweiphted) .  
The s u b j e c t  was n o t   i n s t r u c t e d  as to how to a p p o r t i o n  h i s  total 
s c o r e  among t h e  component   scores .  



APPENDIX B 

ANALYSIS  TECHNIQUES 

B . l  Revised Model fo r   Obse rva t ion  Ploise 

The model for o b s e r v a t i o n   n o i s e  t h a t  we h a v e   u s e d   i n  t h e  
past i s  based on t h e  assumption t h a t  p i l o t   r a n d o m n e s s  arises from 
a n   u n d e r l y i n g   m u l t i p l i c a t i v e   n o i s e  process.  We j u s t i f y  t h i s  as- 
sumption  on t h e  wea l th   o f   p sychophys ica l   ev idence  which shows t h a t  

t h e  human's e r rors  i n   e s t i m a t i n p   v a r i o u s   q u a n t i t i e s   t e n d  t o  scale 
w i t h  t he  magnitudes  of  these a u a n t i t i e s .   I n   m o s t   o f  t h e  t r a c k i n g  
s i t u a t i o n s  tha t  we h a v e   e x p l o r e d   i n  t h e  past ,  t h e  human's percep- 
t u a l  task has been t o  estimate t h e  maEnitude of  systerr. e r ror  and 
e r r o r  ra te  w i t h  respect  t o  a z e r o   r e f e r e n c e .   F o r   s i t u a t i o n s   i n  
which t h e  s i p n a l s   h a v e  had zero  means,  we have   cons idered  t h e  

power   dens i ty   l eve l   o f  t h e  o b s e r v a t i o n   n o i s e   p r o c e s s   t o  b e  propor-  
t i o n a l   t o   s i e n a l   v a r i a n c e .  

The p e r c e p t u a l  task i s  somewhat d i f f e r e n t   f o r  the  d e c i s i o n  
task t h a t  we h a v e   e x p l o r e d   i n  t h i s  s t u d y .  Here t h e  s u b j e c t ' s  task 
i s  t o   d e t e r m i n e  whether or n o t  t h e  s i E n a l  i s  on  one s ide  o r  the  
o the r  o f  a ta rge t  boundary --- n o t  how f a r  i t  i s  from a n u l l   v a l u e .  
Thus, t h e  r e f e r e n c e   l e v e l  i s  nonzero,   and o u r  a n a l y s i s   s h o u l d  take 
t h i s  i n t o   a c c o u n t .  

I n   o r d e r   t o   a n a l y z e  t h e  O b s e r v a t i o n   n o i s e   p r o c e s s   i n  t h i s  t a s k  

s i t u a t i o n ,  l e t  us  s t a r t  w i t h  our bas ic  assumption  of  a a u l t i p l i c a -  
t i v e  w h i t e  n o i s e   p r o c e s s .  We p o s t u l a t e  t h e  fo l lowinp   model :  
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where y ( t )  i s  t h e  s i g n a l  d i s p l a y e d  to t h e  human, Yo i s  a r e f e r e n c e  
l e v e l ,  m ( t )  i s  a whi te  noise   p rocess   which  might b e  a s s o c i a t e d  
wi th  n o i s e   i n  t h e  human 's   cen t ra l   p rocess ing   mechanism,   and   v , ( t )  
i s  the white n o i s e   p r o c e s s  t h a t  i s  e f f e c t i v e l y  added to t h e  d i s -  

p l ayed  v a r i a b l e .  (We n e p l e c t  t h e  e f f e c t s   o f   v i s u a l   r e s o l u t i o n  
l i m i t a t i o n s ,  which would add a n o t h e r  term to t h e  model.) A sepa- 
ra te  a n d   l i n e a r l y   i n d e p e n d e n t   n o i s e   p r o c e s s  i s  a s s o c i a t e d  w i t h  
each o f  t h e  p e r c e p t u a l   v a r i a b l e s  to be  estimated by t h e  human. 
I n   g e n e r a l ,  t h e  human w i l l  want to estimate t h e  r e l a t i v e   d i s p l a c e -  
ment   and   ve loc i ty  of each  d i s p l a y  i n d i c a t o r .  

The a u t o c o r r e l a t i o n  of t h e  n o i s e   p r o c e s s  v ( t )  i s  d e f i n e d  as 
Y 

fo l lows  : 

Since  the  m u l t i p l i c a t i v e   p r o c e s s  m ( t )  i s  assumed to b e  l i n e a r l y  
independent  o f  the  d i s p l a y  v a r i a b l e  y ( t ) ,  t h e  above   express ion  
may be w r i t t e n  as a product   o f  t h e  a u t o c o r r e l a t i o n   o f  [g(t)-Yo] 
times the a u t o c o r r e l a t i o n   o f  m ( t ) .  S ince  m ( t )  i s  a w h i t e  n o i s e  
p r o c e s s ,  i t s  a u t o c o r r e l a t i o n   f u n c t i o n  i s  z e r o   f o r  a l l  nonzero 
va lues   o f  T ,  and it  has a v a l u e  o f  ITP f o r  T=O, where P i s  t h e  

power d e n s i t y   l e v e l  of m ( t )  ( d e f i n e d   o v e r   p o s i t i v e   f r e q u e n c i e s  
o n l y ) .  The above   expres s ion   t hus  simplifies to 

# 

t 
The power   dens i ty   l eve l  P has been referred to i n  t h e  t e x t  as 
t h e  p i l o t  ' s  " n o i s e / s i g n a l   r a t i o .  " 
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T h i s   a u t o c o r r e l a t i o n   f u n c t i o n   h a s   n o n z e r o   v a l u e   o n l y  f o r  
T=O. T h u s ,   v ( t )  i s  a l s o  a white noise   p rocess   whose   power   dens i ty  
l e v e l  i s  d e f i n e d  as 

S i n c e  t h e  e x p e c t e d   v a l u e   o f  a sum o f  terms 3.s e q u i v a l e n t  t o  t h e  

sum o f  t h e   e x p e c t e d   v a l u e s   f o r  each term, we o b t a i n  

The above e x p r e s s i o n  shows t h e  p o w e r   d e n s i t y   l e v e l  of t h e  

o b s e r v a t i o n   n o i s e   p r o c e s s  as a t i m e - v a r y i n e   f u n c t i o n .  That  i s ,  
t h e  e x p e c t e d   n o i s e   p o w e r   f l u c t u a t e s  w i t h  t h e  moment-to-moment d i s -  
placement  of y ( t )  from i t s  r e f e r e n c e   v a l u e  Yo. I n   o r d e r  to s i m p l i f y  

o u r   a n a l y s i s ,  we shal l  h e n c e f o r t h   c o n s i d e r  t h e  t lme-averape   va lue  
o f  t h e  po i se   power ,  which we deno te  s i m p l y  as V . T h i s  s i m p l i f i e d  
r e p r e s e n t a t i o n  of o b s e r v a t i o n   n o i s e  has been   adeaua te  to account  
for p i l o t   r e m n a n t   i n  a v a r i e t y   o f   s t e a d y - s t a t e   c o n t r o l   s i t u a t i o n s .  

y 

For t h e  p a r t i c u l a r   d e c i s i o n  task we h a v e   c o n s i d e r e d ,   a n a l y s i s  
of  t he  o b s e r v a t i o n   n o i s e  associated w i t h  i n d i c a t o r   d i s p l a c e m e n t  
i s  complicated  by t h e  p resence   o f  two r e f e r e n c e   l e v e l s  ( + Y T  and 
-YT, t he  upper  and  lower t a r g e t  b o u n d a r i e s ) .  We must make c e r t a i n  
assumpt ions  as t o  how t h e  s u b j e c t   u s e s  these r e f e r e n c e   l e v e l s   i n  
h i s  e s t i m a t i o n   p r o c e s s .  L e t  us  assume that t h e  s u b j e c t ' s  percep- 
t u a l  task i s  to estimate t h e  d i s t a n c e   o f  t h e  d i s p l a y  v a r i a b l e   y ( t )  
from t h e  ta rpe t  boundary  which i s  c l o s e s t  a t  a n y   i n s t a n t  o f  time. 
( T h i s  makes p e r f e c t l y  Food s e n s e  when y ( t )  i s  r e l a t i v e l y   c l o s e  t o  
one or t h e  o t h e r  tarpet  boundar i e s  - t h e  s i t u a t i o n   i n  which a 
d e c i s i o n   e r r o r  i s  most l i k e l y  to occur . )   Accord inp ly ,  t h e  model 
of  Equat ion  ( B - 1 )  i s  modi f ied  as f o l l o w s :  

"" 



.. - . 

T h e   e x p r e s s i o n   f o r  t h e  p o w e r   d e n s i t y   . l e v e l  V ( t )  i s  m o d i f i e d   i n  a 
similar manner. 

Y 

L e t  u s  compute t h e  p o w e r   d e n s i t y   f o r  the  s i t u a t i o n   i n   w h i c h  
y ( t )  2 0. Equa t ion  (B-5 )  i s  w r i t t e n  as 

where p ( y )  i s  the p r o b a b i l i t y   d e n s i t y   f u n c t i o n   o f  t h e  d i s p l a y  
v a r i a b l e  y ( t ) .  For  t h e  d e c i s i o n  task we are c o n s i d e r i n E ,  y ( t )  i s  
a Gaussian  random variable  w i t h  z e r o  mean and a v a r i a n c e  0 . 
Accordingly ,  we o b t a i n  

2 
Y 

An i d e n t i c a l   e x p r e s s i o n  i s  f o u n d   f o r  t h e  n o i s e   a s s o c i a t e d  w i t h  

t he  time for which y ( t )  < 0 .  The t o t a l   a v e r a g e   n o i s e   p o w e r  i s  
g iven  as t h e  sum of V and V- and i s  approx ima te ly  Y Y 

+ 

T h i s   e x p r e s s i o n  appl ies  to t h e  e s t i m a t i o n  Of i r W c a t o r   d i s p l a c e -  
ment .   Since t h e  r e f e r e n c e   f o r   e s t i m a t i n g   i n d i c a t o r   v e l o c i t y  1 s  

s i m p l y  z e r o   v e l o c i t y ,  the  p o w e r   d e n s i t y   l e v e l   f o r   o b s e r v a t i o n  
n o i s e   o n   v e l o c i t y  i s  
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v. = a?  p 
Y Y (B-10) 

which i s  the  model  we have   u sed   success fu l ly  i n  t h e   p a s t .  

The expres s ion   o f   Equa t ion  (B-9) .may b e   w r i t t e n  s o  as t o  
i n d i c a t e  a " c o r r e c t i o n   f a c t o r "   t o   t h e   s i m p l i f i e d   e x p r e s s i o n   f o r  
o b s e r v a t i o n  noise .  Thus, 

TJ = &P.C 
Y Y 

where 

Y P  yT C = l + - -  (1.6) - 
Y 2 

Y a a 

(B-11) 

(B-12)  

C o r r e c t i o n   f a c t o r s   a p p r o p r i a t e   t o   t h e   f o u r   d e c i s i o n   t a s k s   i n v e s t i -  
g a t e d   i n   t h i s   s t u d y  are  shown i n   T a b l e  R-1.  

TABLE B-1 

CORRECTION FACTORS APPLIED TO THE PILOT'S NOISE/SIGNAL R A T I O  

Conf igu ra t ion  ' S / ~ T  

1.46 

1.46 

1.46 

1.46 

'nlYT 
C o r r e c t i o n  ' Y I Y T  F a c t o r  (dB)  

.1.4 7 -4.3 

1.49 -4.2 

1.49 I -4.2 

1.59 1 -4.1 



B . 2  Prediction  of  Decision  Performance 

D e s c r i p t i o n s   o f  t h e  e x p e r i m e n t a l   d e c i s i o n  t a s k  and  of  t h e  
model for t h e  human i n  t h i s  s i t u a t i o n   h a v e   b e e n   g i v e n   i n  Chap te r  

3 .  I n  t h i s  s e c t i o n  we elaborate  on t h e  a n a l y t i c a l   p r o c e d u r e s   f o r  
p r e d i c t i n g   d e c i s i o n   p e r f o r m a n c e .  For  convenience ,  t h e  model 
s t r u c t u r e  shown i n   F i g u r e  3 i s  repeated i n  FiKure B-1 .  

B . 2 . 1  Optimal  Estimation 
The p o r t i o n   o f  t h e  model r e l a t i n g   t o   o p t i m a l   e s t i m a t i o n   a l l o w s  us  
t o  p r e d i c t  t h e  v a r i a n c e s   o f  t h e  s u b j e c t ' s  best  estimate of   each  
s t a t e  v a r i a b l e   a n d  t h e  v a r i a n c e s   o f  t h e  c o r r e s p o n d i n p   e s t i m a t i o n  
errors .  The v a r i a n c e s   c o r r e s p a n d i n p   t o  t h e  estimate o f  t h e  

" s i g n a l "  s ( t )  and t h e  e r r o r   i n   e s t i m a t i n p  this s i g n a l  [ s e ( t ) ]  are  
t h e n   u s e d   t o  compute t h e  s u b j e c t ' s   d e c i s i o n   e r r o r ,  as d e s c r i b e d  
below. T h i s  p o r t i o n   o f  t h e  model i s  c o n t a i n e d   i n   o u r   o p t i m a l -  
c o n t r o l   m o d e l   f o r   p i l o t / v e h i c l e   a n a l y s i s ,   w h i c h  has b e e n   f u l l y  
described i n  t h e  l i t e r a t u r e .  The reader i s  re fer red  t o   R e f e r e n c e s  
4 and 5 for f u r t h e r  de t a i l s .  

B . 2 . 2  Probability o f  Decision  Error 
I n   o r d e r   t o   h a v e  a t h e o r e t i c a l   p r e d i c t i o n   t o  t e s t  a p a i n s t  t h e  ex -  
pe r imen ta l   measu re   o f   dec i s ion   pe r fo rmance ,  we r u s t   i d e n t i f y  t h e  

r e l a t i v e   f r e q u e n c y   o f   a n   e r r o r  w i t h  t h e  " p u r e   p r o b a b i l i t y ' '   o f   a n  
e r r o r .  Our   exper imenta l  measure i s ,  by n e c e s s i t y ,  a r e l a t i v e -  
f requency   measure ;  t ha t  i s ,  t h e  d e c i s i o n   e r r o r  t h a t  we measure 
e x p e r i m e n t a l l y  i s  d e f i n e d  as t h e  f r a c t i o n   o f  t ime d u r i n a  a t r i a l  
t h a t  t h e  s u b j e c t ' s   r e s p o n s e  i s  i n c o r r e c t .  Our t h e o r e t i c a l  pre- 
d i c t i o n ,  on t h e  o t h e r   h a n d ,  i s  t h e  p r o b a b i l i t y  t h a t ,  a t  any arbi-  
t r a r y  i n s t a n t   o f  t ime, a d e c i s i o n   e r r o r  will be  made. 
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L e t  u s   r e p r e s e n t   t h e   v a r i o u s  "s ta tes  o f  t h e  wor ld"   and   the  
human 's   "dec is ions"  by t h e   f o l l o w i n p   n o t a t i o n :  

h l   imp l i e s  s ( t )  w i t h i n  ta rge t  area 

ho   imp l i e s  s ( t )  o u t s i d e   t a r g e t  area 

H1 i m p l i e s  a d e c i s i o n  t h a t  s ( t )  i s  w i t h i n  tarpet  a r e a  

Ho i m p l i e s  a d e c i s i o n  t h a t  s ( t )  i s  o u t s i d e   t a r p e t  area 

Two t y p e s   o f   d e c i s i o n   e r r o r  may be made. A " fa l se  alarm," denoted 
by the c o n d i t i o n  (Hl ,ho) ,  occurs   whenever  t h e  s u b j e c t   i n d i c a t e s  
"in'!  when, i n   f a c t ,  t h e  s i g n a l  i s  a c t u a l l y   o u t s i d e  t h e  t a rpe t  area.  
The r e v e r s e   t y p e   o f   d e c i s i o n   e r r o r ,   o r  a "miss", i s  denoted  as 
(Ho,hl) .  The t o t a l   p r o b a b i l i t y   o f  a d e c i s i o n   e r r o r  i s  t h e  sum o f  
t h e   p r o b a b i l i t i e s   o f  a fa lse  alarm and  of  a miss. T h u s ,  

We s h a l l  f i rs t  c o m p u t e   t h e   p r o b a b i l i t y   o f  a f a l s e  alarm. 
L e t  +YT - b e  t h e  target boundar i e s ,  [ s ]  b e  t h e  l o c a t i o n   o f  t h e  

" s i g n a l "  a t  a n y   i n s t a n t   o f  time, [$I b e  t he  s u b j e c t ' s  bes t  e s t i -  
mate o f  t h e  s i g n a l ,   a n d  [s,] b e  t h e  e s t i m a t i o n   e r r o r .  By d e f i n i -  
t i o n ,  

We have   a l r eady  shown t h a t  t h e  s u b j e c t ' s  s t r a t epy  will b e  t o  re- 
spond  " inr '   whenever   h i s  bes t  estimate of  t h e  s i g n a l  l i e s  w i t h i n  
h i s   " d e c i s i o n   b o u n d a r y , "   d e n o t e d  by +YD (see s e c t i o n  3.3.2). The 

p r o b a b i l i t y   o f  a fa lse  alarm i s  t h u s  
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The  above  expression  can b e  s i m p l i f i e d  somewhat i f  we take 

advan tage   o f  the  symmetry  of t h e  p a r t i c u l a r   d e c i s i o n  task  that 
w e  have   exp lo red .   S ince  t h e  s i g n a l  s ( t >  and t h e  n o i s e   n ( t )  are  
each   Gauss ian   random  var iab les  w i t h  zero  means,  t h e  p r o b a b i l i t y  
o f  a d e c i s i o n   e r r o r   b e i n c  made when t h e  s i g n a l  i s  above t h e  upper  
tarcet boundary i s  e q u a l   t o  . t he  p r o b a b i l i t y   o f   a n   e r r o r  when s ( t )  
i s  below t h e  lower  boundary.  Thus , t h e  p r o b a b i l i t y   o f  a false 
alarm may be w r i t t e n  as 

The computa t ion   o f  t h i s  p r o b a b i l i t y  i s  f a c i l i t a t e d  i f  it i s  
re-stated i n  terms o f  [s^] and [s,]. Using t h e  d e f i n i t i o n   o f  
Equa t ion  ( B - 1 4 ) ,  we d e r i v e  t h e  f o l l o w i n g   i d e n t i t y :  s>YT implies  
t h a t  se<s-YT. Equat ion  (E-16)  may  now b e  w r i t t e n  as 

A 

f o r  the  s i g n a l s  s and se. S i n c e  t h e  o p t i m a l  estimate and estima- 
t i o n   e r r o r   p r e d i c t e d  by the  Kalman f i l ter  are l i n e a r l y   i n d e p e n d e n t  
(Refs. 1 3 y 1 4 ) y  t h e  j o i n t   p r o b a b i l i t y   d e n s i t y  may be f a c t o r e d   i n t o  
t h e  p r o d u c t   o f  t he  i n d i v i d u a l   d e n s i t i e s .   . T h u s ,  
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5, = s/as 

5, = se/os e 

where 5 ,  and 5, are n o r m a l i z e d   G a u s s i a n   v a r i a b l e s .  
o f  a fa lse  alarm may now b e  w r i t t e n  as 

= 2  

(B-19)  

The p r o b a b i l i t y  

( B - 2 0 )  

where p o ( 6 )  i s  t h e  u n i t - v a r i a n c e   G a u s s i a n   p r o b a b i l i t y   d e n s i t y  
f u n c t i o n .  

The p r o b a b i l i t y  of  a "miss" i s  computed i n  a similar manner. 

= 2  
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'D s-Y, 

(B-21) 



Making the   change  of  v a r i a b l e s  shown i n   E q u a t i o n  (R-lg), t h e  
p r o b a b i l i t y   f o r  a miss may be  w r i t t e n  as 

W 

Yn'as 5, 
S 

' s  e 

(B-22) 

The t o t a l   p r o b a b i l i t y  of a d e c i s i o n   e r r o r ,  P(DE), is  s imply  
t h e  sum of  the p r o b a b i l i t i e s  shown i n   E q u a t i o n s  (€3-20) and ( B - 2 2 ) .  
T h i s  number i s  a f u n c t i o n  of  the  target  boundary YT, t h e  d e c i s i o n  
l e v e l  YDy and t h e  v a r i a n c e s  of  t h e  s u b j e c t ' s  estimate of  s ( t )  and 
of  h i s  e s t i m a t i o n   e r r o r .  These v a r i a n c e s  are p iven  by  t h e  p o r t i o n  
of t h e  model r e l a t i n e  to o p t i m a l   e s t i m a t i o n .  The target boundary, 
YT,  i s  an   expe r imen ta l   pa rame te r .  The remaininp: parameter, YD, 
i s  t h e  d e c i s i o n   l e v e l  t h a t  i s  s e l e c t e d  by  t h e  s u b j e c t  to minimize 
h i s  t o t a l   d e c i s i o n   s c o r e  P(DE). 

It may be  p o s s i b l e  t o  s o l v e   a n a l y t i c a l l y  for t h e  d e c i s i o n  
l eve l   wh ich   min imizes  t he  d e c i s i o n   s c o r e .  Rather t h a n  attempt 
t h a t ,  however, we have  performed a n u m e r i c a l   i n v e s t i p a t i o n  of t h e  

r e l a t i o n   b e t w e e n   d e c i s i o n   s c o r e   a n d  YD. For  t h e  c o n d i t i o n   i n  
which s ( t )  i s  e q u a l l y   l i k e l y  t o  be i n s i d e  or o u t s i d e  t h e  t a rpe t  
a n d   d e c i s i o n   e r r o r s  of e i t h e r  t y p e  are  w e i g h t e d   e q u a l l y   i n  t h e  

ove ra l l   pe r fo rmance   measu re ,  t h e  o p t i m a l   d e c i s i o n   b o u n d a r y  appears 
t o   c o i n c i d e  w i t h  t h e  t a rge t  boundary. 
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APPENDIX  -C 

SUPPLEPENTAL  THEORETICAL  DATA 

T h i s  append ix   con ta ins   f i ve   g raphs   wh ich  re la te  p r e d i c t e d  
system  performance t o   n o i s e / s i g n a l   r a t i o .   F i g u r e s  C-1 through c - 4  
P e r t a i n   t o   p e r f o r m a n c e  on t h e  f o u r   d e c i s i o n  tasks e x p l o r e d   i n  the  
first expe r imen t ;   F igu re  C-5 p e r t a i n s  t o  mean-squared  t racking 
e r r o r .  

V a l u e s   f o r   t h e  time de lay   and   mo to r   no i se   pa rame te r s   o f   t he  
model f o r  t he  human c o n t r o l l e r  were chosen  on t h e  basis o f  p re -  
v i o u s   s t u d i e s   o f   m a n u a l   c o n t r o l .  A time d e l a y   o f  0.17 second was 
s e l e c t e d   b e c a u s e  it was found t o  be  t y p i c a l   o f   e f f e c t i v e  time 
delays measured i n  K/s t r a c k i n e  tasks (Refs. 8 and 9 ) .  (The time 
de lay  o f  0 .2  second  assumed f o r   d e c i s i o n - m a k i n g   r e p r e s e n t s   a n  
ave rage  de l ay  that  i s  t y p i c a l   o f  a wider range  of manua l   con t ro l  
s i t u a t i o n s . )  A m o t o r   n o i s e / s i g n a l   r a t i o  of  -25 d B  was found t o  
b e  r e p r e s e n t a t i v e   o f   s i n g l e - l o o p   t r a c k i n g   b e h a v i o r  (Ref. 4 ) .  

O b s e r v a t i o n   n o i s e / s i g n a l   r a t i o s   a n d   e f f e c t i v e   l a g  time con- 
s t a n t s  were selected t o   p r o v i d e  a Food  match t o  t h e  mean-squared 
e r r o r ,   e r r o r  ra te ,  a n d   c o n t r o i   s c o r e s .  T h e  lag time c o n s t a n t  of 
0.068 second that  was needed t o  match t h e  t r ack ing   pe r fo rmance  of 
s u b j e c t s  KC and HH was less t h a n  the  time c o n s t a n t s  t h a t  we have 
gene ra l ly   found   i n   p rev ious   expe r imen t s  w i t h  K/s dynamics. (T ime  
c o n s t a n t s   i n  t h e  range   of  0.08 t o  0 . 1  are t y p i c a l . )   S i n c e  t h e  
s u b j e c t s   u s e d  i n  these exper iments  had no p i l o t i n g   e x p e r i e n c e ,  
it i s  p o s s i b l e  t h a t  t h e y  were less inh ib i t ed   abou t   mak ing  r ap id  
c o n t r o l  movements t h a n  were t h e  s u b j e c t s   u s e d   i n   p r e v i o u s   s t u d i e s  
(who, f o r  t h e  most p a r t ,  were i n s t r u m e n t - r a t e d   p i l o t s ) .  
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MODEL PARAMETERS 

TIME DELAY = 0.17 SECONDS 
LAG TIME CONSTANT = 0.068 SEC. 
MOTOR NOISE PD M - 2 5 d B  
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A P P E N D 1  X D 

L I S T  OF S Y M B O L S  

- A Matrix of c o n s t a n t s  which r e p r e s e n t s  s y s t e m  dynamics 

C C o r r e c t i o n   f u n c t i o n   f o r   o b s e r v a t i o n   n o i s e  

- C Mat r ix  of c o n s t a n t s  which re la tes  d i s p l a y   v e c t o r  t o  s t a t e  
v e c t o r  

DE D e c i s i o n   e r r o r  

F ( s )   F i l t e r   c h a r a c t e r i s t i c s  

f F r a c t i o n  of a t t e n t i o n  

H S u b j e c t ' s   d e c i s i o n  as t o  t h e  s t a t e  o f  t h e  world 

h Assumed "s ta te  o f  t h e  world" 

J Tota l  per formance   score  

m M u l t i p l i c a t i v e   n o i s e   p r o c e s s  

n "Noi se"   po r t ion  of s i g n a l - p l u s - n o i s e   v a r i a b l e  d i s p l a y e d  t o  
t h e  human 

P Human's n o i s e / s i g n a l   r a t i o .  Also,  p r o b a b i l i t y   d e n s i t y   f u n c t i o n  

N o i s e / s i g n a l   r a t i o   p e r t i n e n t   t o  a s i n p l e - t a s k   s i t u a t i o n  

s T h e  " s i g n a l "   p o r t i o n  of  t h e  s i p n a l - p l u s - n o i s e   v a r i a b l e  d i s -  

S Human's best  estimate o f   t h e   " s i g n a l "  

p l a y e d   t o  t h e  human. Also, t h e  L a p l a c e   o p e r a t o r .  
h 

S e E r r o r   i n   e s t i m a t i o n   o f  t h e  " s i g n a l "  

U U t i l i t y  of a d e c i s i o n  

vu 
V E q u i v a l e n t   ( v e c t o r )   o b s e r v a t i o n   n o i s e   p r o c e s s  

Motor n o i s e  process 

"y 

v 
-Y 

Power d e n s i t y   l e v e l   o f   o b s e r v a t i o n   n o i s e   p r o c e s s  

W - Vec to r   o f  s y s t e m  f o r c i n g   f u n c t i o n s  

X - V e c t o r   o f  s t a t e  v a r i a b l e s  
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The human's best  estimate o f  t h e  s ta te  v e c t o r  

V e c t o r   o f   d i s p l a y   v a r i a b l e s  

V e c t o r   o f   d i s p l a y   v a r i a b l e s  as p e r c e i v e d  by the human 

Decis ion  boundary  adopted by human  when p e r f o r m i n g   d e c i s i o n  
task 

Target boundary  used i n   d e c i s i o n  task 

Represents  data base on  which human bases h i s  d e c i s i o n  

Impu l se   func t ion  

C r i t i c a l   f r e q u e n c y   o f  a noise-shaping  f i l t e r  

A u t o c o r r e l a t i o n   f u n c t i o n  

S i g n a l   v a r i a n c e  

Human's e f f e c t i v e  time de lay  

Lag time cons tan t   which  appears i n  model f o r  human c o n t r o l l e r  

5 Normal ized   Gauss ian   var iab le  

-R* - Opt imal  g a i n  m a t r i x  which appears i n  t h e  model f o r  t h e  human 
c o n t r o l l e r  

Subscripts  

D refers t o  d e c i s i o n   b o u n d a r y ;   a l s o  refers t o   d e c i s i o n  task 

e refers t o   e s t i m a t i o n   e r r o r ;   a l s o  refers t o   t r a c k i n g   e r r o r  

T refers t o   t a r g e t   b o u n d a r y ;   a l s o  refers t o   t r a c k i n g  task 

U refers t o   c o n t r o l   s i g n a l  

X re fers  t o  s y s t e m  s ta tes  

Y refers t o  d i s p l a y  v a r i a b l e s  

1 refers  t o   " s i g n a l "   w i t h i n  ta rge t  area;  a l s o  re fe rs  t o   s i n e l e -  
task s i t u a t i o n  

0 refers t o   " s i g n a l "   o u t s i d e  t a rge t  area 
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I -  

Superscripts  

M refers to multiple-task situation 

1 refers to 1-task situation 

2 refers to 2-task situation 

NASA-Langley, 1971 - 5 


